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The Captain Cook Graving Dock, 


Sydney, New South Wales. 


By J. F. PRINCE, 
Witton Engineering Works. 


H. L. BARNARD, B.E., M.I.E.E., A.M.1.Mech.E., A.M.I.E. Aust., 
Chief Engineer, British General Electric Co. Pty., Ltd., Australia, 


GENERAL. 


OR a maritime country such as Britain 
it is obviously of the first importance 
that adequate dry docking facilities for 


repairing the largest liners and capital ships 
should be available in all parts of the world. 
The existence of such docks not only reduces 


the time that a ship is laid up and the con- 
sequent loss of revenue and interruption to 
service, but also eliminates the danger of a 
vessel’s having possibly to make a protracted 
voyage in an unseaworthy condition. 

Valuable as such facilities are in peace time, 
their importance increases a hundredfold in 
war time, especially in the case of ships oper- 
ating far from their home bases, as, for 
example, in the southern hemisphere and in 
the Pacific. For this reason, dry docks of 
the largest and most modern type were 
constructed with the utmost despatch for 
British Commonwealth bases in Australia and 
South Africa. 

The General Electric Company, Ltd. was 
responsible for the electrical equipment of no 
less than seven floating and graving docks. 
A typical example of the latter is the Captain 
Cook Graving Dock at Sydney, which forms 
the subject of the present article. This dock, 
which was named by H.R.H. The Duchess of 
Gloucester in March, 1945, is one of the 
largest in the British Commonwealth and is 
comparable in size to the King George V 
Dock at Southampton or the Sturrock Dock at 
Cape Town. 

The Captain Cook Dock is 1,177 feet long 
from the outside cope of the north end to the 
cope of the south end. It can be divided into 
two sections ; the inner one, 707 ft. long, can 
accommodate two cruisers abreast, while the 
Outer one, 390 ft. long, can hold two or 
three destroyers abreast. This huge basin 
contains 50,000,000 gallons of water and its 
depth is 55 ft. from cope to floor at the 
centre. 

Some idea of the magnitude of the project 


is given by the quantity of material employed 
From the time that construction was begun 
in December, 1940, to that of the initial 
flooding, 330,000 cubic yards of concrete were 
used for the Dock, together with about 800,000 
cubic yards of stone and clay corefilling and 
170,000 ft. of sheet steel piling for the coffer- 
dam. The floor, which was built of reinforced 
concrete in blocks 22 ft. square, varies in 
thickness from 5 to 25 ft. according to the 
formation and quality of the rock at found- 
ation level. The two floating caissons which 
form the dock gates each contain as much 
steel as a medium sized ocean going ship. 
The new and largest of the repair shops is 
450 ft. long by 146 ft. wide, the fitting-out 
wharf is 840 ft. long; there are also powerful 
electric capstans and giant cranes, one of 
which will be capable of lifting 250 tons. 
There are three miles of railway track. Ranged 
around the Dock and along the wharves are the 
necessary service facilities, all on an equally 
grand scale. Numerous service points are 
provided for salt water and fresh water 
supplies, as well as a series of welding and 
lighting connections, fire hydrants and com- 
pressed air points to cater for all possible 
requirements. 

The outstanding part played by electricity 
in this vast undertaking is shown by the 
amount and variety of electrical equipment 
installed. The motors driving the various 
pumps and the electrically operated valves 
alone account for nearly 5,000 horse power, 
while the step-down transformer capacity of 
6,500 kVA is additional to the power supplied 
direct to the main motors at 5,000 volts. 

The greater part of this electrical equip- 
ment was manufactured and supplied by the 
G.E.C. either as main contractors or in 
association with manufacturers of other items 
of the main equipment, namely with Gwynnes 
Pumps, Ltd. who were responsible for the 
pumping installation, Glenfield & Kennedy 
who supplied the culvert and the pumping 
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station valves and Mirrlees, Bickerton & Day 
Pty., Ltd. the Diesel generating plant. 

The G.E.C. also undertook the installation, 
connecting up and commissioning of all the 
electrical machinery, in the course of which 
nearly 50 miles of Pirelli-General cable were 
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keel-blocks to be arranged to suit the vessel 
to be docked. 

Provision is also made for occasional im- 
pounding to adjust the depth irrespective of 
the tides. Besides the caisson at the entrance 
there is an additional one for the intermediate 


}: 
ott 


Fig. 1.—-Genera! view in the pump house showing the three main Gwynnes pumps each driven by a 
1,200 h.p. 5 kV salient pole synchronous induction motor. The control desk and auxiliary equipment 
are seen in the gallery and, to the rear, the large float operated water level indicator. 


used for the E.H. voltage and medium voltage 
supplies besides the multicore connections 
for the control, alarm and indication circuits 
in the substations and between the widely 
separated points of operation. 


OPERATION. 

There are two main operations in con- 
nection with the Dock : filling to allow the 
entry or exit of a ship and, after sealing the 
entrance by means of one of the dock gate 
floating caissons, de-watering to expose the 
ship’s hull. 

The first and greatest demand for power 
is occasioned by the emptying operation 
which is a necessary preliminary to permit 


position to allow the two parts of the dock 
to be used separately. 

A system of valves and culverts, the latter 
six and nine feet in diameter, allows water to 
pass directly from the sea intakes to fill the 
inner and outer compartments, together or 
separately, or, when emptying, to flow to the 
main low level suction chamber from where 
it is pumped back into the sea. When im- 
pounding, a sea water intake to the suction 
chamber is opened and water is pumped back 
into the dock by one of the pumps. 

These operations are effected through some 
thirty main and auxiliary valves, the electric 
drives for which require, in the aggrcgate, 
almost 200 horsepower. Without a scheme 
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Fig. 2(a).—-The main control desk from which the operations of emptying, filling 
and impounding the Dock are performed by Gwynnes remote electrical contro! 
system. From this desk telephone communication is available with all essential 

parts of the Dock. 


of centralised remote controls the individual 
operation of the valves at widely separated 
points would entail considerable labour and 
delay, besides being difficult to complete 
during the limited periods of suitable tidal 
Accordingly, Gwynnes Pumps 


conditions. 
Ltd., aS main contractors 
for the pumping install- 
ation, developed a scheme 
of remote electrical oper* 
ation in which the valves 
are controlled in appropriate 
groups from a master desk 
complete with a mimic 
diagram panel and water 
level indicators, which 1s 
installed in the pump- 
house. 

Besides the main pump- 
ing equipment, this cham- 
ber houses ail the seepage 
and drainage pumps as well 
as the pumps for the fire 
and dockside circulating 
water services, together 
with the associated control 
gear and auxiliary equip- 
ment. The general arrange- 
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ment of the pump house is 
shown in fig. 1, the three 
main pumps being seen in 
line in the foreground and, 
in the gallery, the control 
desk and auxiliary equip- 
ment. An operator at the 
control desk, after receiving 
instructions by telephone 
from the Dockmaster, can 
carry out any required 
operation such as filling, 
de-watering or impounding 
either section or the whole 
dock. ‘The control of the 
valves is preset and there- 
after proceeds in correct 
and fully interlocked se- 
quence. The possibility of 
damage to one unit cannot, 
of course, be allowed to 
interrupt or disorganise the 
operation of the dock; for 
this reason, alternative 
push-button control is pro- 
vided both at the starting 
switchboards of the various 
groups of valves as well as 
at each valve station. By 
means of selector switches 


at the starter boards it is possible to by-pass a 
particular unit without affecting the remainder 


in the sequence. 


As an ultimate precaution 


the valves can be operated by hand should the 
electricity supply fail. 
A mimic diagram panel mounted immedi- 
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Fig. 2(b). 


-Indicating diagram on the main contro! desk showing the 


operational! state of main items of plant and most important valves. 
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Fig. 3.—-Valve operating chamber showing the headstock 
and driving motor of one of the 9ft. diameter valves. 


ately behind the control desk shows at once 
the conditions prevailing inside the dock. 
All the pumping plant, culverts and valves 
are shown and coloured lamps indicate closed 
and open positions. In addition, it is possible 
to judge intermediate positions 
of the main valves by the rel- 
ative brightness of a series of 
indicating lamps which are con- 
trolled by special transmitters 
mounted on the valves. The 
control desk and mimic diagram 
panel are shown in figs. 2(a) 
and 2(b). The whole value of 
the mimic diagram would, of 
course, be lost if the indications 
were unreliable ; it was there- 
fore considered essential to 
operate the auxiliary switches 
for the interlocking and indi- 
cating circuits mechanically 
trom the actual movement of 
the valves and to connect them 
back to the pane). 

Two mechanic! float op- 


erated indicators show res- 
pectively the level of the 
tide and the dock water 


level, thus enabling the 
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1,200 h.p. 5 kV. salient pole synchronous induction motor. 
shows the Gwynnes pump, the 60 inch suction pipe and the suction and delivery 
valves which are electro-hydraulically operated by motor driven oil pumps. 


August, 1947 


pumps to be operated accordingly. 

The valves themselves are operated through 
gearing from contactor controlled squirrel cage 
motors ranging in size from 14 h.p. to 15 h.p. 
These motors, together with their associated 
equipment, are housed in underground oper- 
ating chambers which are, in fact, small sub- 
stations from which the shafts extend down- 
wards to the actual valves. Each chamber 
is linked by telephone to the central control 
in the pump house, and as a precaution 
against flooding “‘No-flote” electrode type 
water level indicators are arranged to sound 
an alarm in the main pump house should 
water rise in the shafts. The valve operating 
chamber illustrated in fig. 3 shows the head- 
stock and driving motor of the 9 ft. diameter 
valve No. 1, which controls one of the loading 
systems, as well as the sub-circuits, distrib- 
ution board and “No-flote”’ relay. 


As already mentioned, two very large 
floating caissons are provided for the Dock 
gate and for separating the inner and outer 
basins for independent operation. ~The Dock 
is sealed by manceuvring the caisson into its 
sloping guides in the Dock walls and then 
flooding to allow it to sink into position. To 
reopen the Dock to allow the passage of 
a ship in or out, the caisson is refloated 
by the use of compressed air to discharge 
the water from the ballast tanks and hauled 
clear. 





Fig. 4.—One of the three main pumping sets, each of which is driven by a 


The illustration 
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MAIN PUMPING EQUIPMENT. 


The main pumping installation consists of 
three Gwynnes horizontal, double-inlet, cen- 
trifugal dock pumps designed to operate at 
the highest efficiency over the wide variation 
in head during de-watering. When there is 
no ship in it the Dock contains 50,000,000 
gallons of water, which can be emptied, by 
the three pumps working simultaneously, in 
less than four hours. Each pump is driven 
by a 1,200 h.p. drip-proof salient pole syn- 
chronous induction motor running at 272 
r.p.m. and supplied with power at 5 kV from 
a 5-panel compound filled metalclad switch- 
board having a breaking capacity of 150 MVA. 
The 54 inch discharge valves are of Gwynnes 
patent self-closing type which have been 
designed specifically for use in graving docks. 
These valves are opened by hydraulic pressure 
generated by small electrically driven oil 
pumps and are closed by gravity. The 
closing is thus independent of the electrical 





Fig. 5.—-A closer view of one of the main Gwynnes pumps 
showing the suction and discharge valves. 


supply. The interlocking prevents the valves 
being opened when the corresponding main 
pump is not running and thus performs the 
function cf a reflux valve and sluice valve. 
The 60 inch suction valves are of the same 
type as the discharge valves but are not inter- 
locked with the starting equipment. One of 
these pumps with its self-closing valves is 
seen in figs. 4 and 5, the former showing also 





Fig. 6.—The 5-panel duplicate busbar metalclad switch- 

board controlling the 5 kV supply to the main pumping 

sets. There are two hand operated circuit breakers for the 

alternative sources of power and one electrically operated 
switch for each of the three main motors. 


the 1,200 h.p. driving motor and contactor 
control panel. 

The three circuit breakers controlling the 
main pump motors are push button controlled 
from the main desk in conjunction with the 
9-step contactor type rotor starters. Dupli- 
cate busbars are provided which are connected 
both to the main supply and to the stand-by 
supply from the three 1,000 kW Diesel sets 
(fig. ©). These busbars are controlled by 
hand operated incoming switches at each end 
of the switchboard and ensure that alternative 
supplies are available. Each feeder is protected 
against overloads and earth faults by induction 
type inverse time relays with definite minimum 
time setting; the breakers controlling the 
main motors are fitted with similar over- 
current relays besides having thermal pro- 
tection. Auxiliary switches allow local and 
remote pilot lamp indication and full inter- 
locking in the electrical sequence with the 
associated equipment. The voltage of incoming 
feeders is indicated at the control desk as well 
as the current and power factor in the main 
motor circuits. 

It is most important that any damage to, 
or defect in, one unit shall not affect the oper- 
ation of the Dock. For this reason all valves 
are duplicated, as are also the means of control, 
and alternative 5 kV power supplies are 
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provided. For energising the shunt fields of 
the main motor exciters alternative D.C. 
supplies are available from batteries and from 
metal rectifiers. 





Fig.7.—Pump house gallery showing the two drainage pumps driven by 210 h.p. 
vertical spindle motors. In the background are seen the contro! desk and con- 
tactor starting panels. On the extreme right are the two vertical spindle seepage 
pump motors. The water level indicator is seen behind the vaive headstocks. 


DRAINAGE AND SEEPAGE PUMPS. 

After dewatering is complete, provision has 
to be made to avoid subsequent accumulation 
of water in the bottom of the Dock. Possible 
leakages past the caisson gates, rainwater and 
the return from the various circulating water 
services may involve a considerable volume of 
water, but not sufficient to justify the sporadic 
operation of the main pumps. A secondary 
system of culverts draining into a low level 
sump is therefore arranged, from which two 
18-inch high lift vertical spindle centrifugal 
pumps discharge into the sea. The outlets are 
situated well above the highest tide level to 
prevent the ingress of sea water and conse- 
quent flooding. These drainage pumps, which 
are driven by 210 h.p. drip-proof slipring 
motors at 730 r.p.m. each have a discharge 
capacity of 6,600 gallons a minute against a 
72 ft. head. For lubricating the pump bearings 
and shafts, motor driven Tecalemit grease 
pumps are employed. 

Since the pump house and interconnecting 
subways are well below the normal outer 
water level every precaution is taken against 
the possibility of flooding if, for instance, the 
Dock were seriously damaged. Arrangements 
are made to drain any accumulation of seepage 
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water in the subways and valve pits, and a 
most comprehensive system of water level 
indication is installed which gives immediate 
warning by means of Klaxon alarms in the 
event of any threat of flooding 
of the valve pits. 

The two 3 inch vertical 
spindle seepage pumps, driven 
by 8 h.p. squirrel cage motors, 
are quite adequate for dealing 
with incidental seepage, but if 
there is the least danger of the 
pump house being flooded 
the main 6,600 gallon drainage 
pumps are automatically swit- 
ched in by the action of a 
water level relay to deal with 
the inrush. 

The contactor type starters 
for both the drainage and 
seepage pumps are controlled 
by push buttons from a central 
desk mounted apart from the 
main dewatering control so 
that their routine operation 
does not require the super- 
vision of the operator at the 
main desk. Fig. 7 shows this 
drainage and seepage equip- 
ment mounted in the gallery 
with the push-button control desk and the 
water level indicator in the background. 

In order to exhaust any air that may find its 
way into the casings of the main and drainage 
pumps when the water level falls below the 
pump casing, two vertical four-cylinder prim- 
ing exhausters with interceptor units are 
provided, driven by 30 h.p. 415 volt slip- 
ring motors at 710 r.p.m. The apparatus 
provided also allows selective priming of 


the pumps from the central priming control 
unit. 


DOCKSIDE AND FIRE SERVICES. 


The pump house equipment so far des- 
cribed is associated mainly with the operation 
of docking, but it must be borne in mind that 
the docking of a large vessel, however spect- 
acular it may be, is only a preliminary to the 
main task of repairing and servicing. For 
this, adequate supplies of water, compressed 
air and electricity are required at conveniently 
situated points. For example, salt water is 
required for ships’ auxiliary condensers, and 
for this purpose seven service Connections are 
provided from the pump house by means of a 
10-inch centrifugal pump with an output of 
575 tons an hour against a 30 ft. head, while 
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for heads up to 15 ft. there are two lower 
pressure pumps, each of twice this capacity. 
Each pump is driven by a 30h.p. drip-proof 
vertical spindle induction motor from the 
415 volt low voltage supply. 

An ample supply of water for fire fighting 
purposes is obtainable from about 30 hydrants 
around the Dock fed by two 8 inch two-stage 
vertical spindle pumps in the pump house. 
Each of these is driven by a 230 h.p. slipring 
induction motor with a contactor type two 
speed starter which allows the full pressure of 
120 lbs. per sq. inch to be reduced by speed 
control of the pump motor. The fire pump 
motors are arranged for either local or remote 
control, one unit always being connected so 
that it can be started instantly from any of the 
remote fire control points. Indicators are 
included on the mimic diagram panel to enable 
the pump house attendant to check that one 
pump is always so available. The fire pump 
motors and the circulating water pump motors 
with the hand-operating gear for the valves 
can be seen in the view of the west end of 
the gallery in fig. 8. 


LOW VOLTAGE SUPPLY TO THE PUMP 
HOUSE. 

A 10-panel switchboard distributes a 415 volt 
3-phase supply to all the pump house services 





Fig. 8.—Western end of the pump house gallery with two 230 h.p. vertical 
spindle fire pump motors and three 30 h.p. circulating water pump motors. 


and motors with the exception of the main 
pump motors. This board is of the S.V.D. 
type with hand-operated oil circuit breakers 
and has a breaking capacity of 25 MVA. 


In the adjacent substation, No. 4, duplicate 
transformers rated at 1,000 kVA, 5,000/415/ 
240 volts provide main and stand-by four-wire 
supplies to the 1,600 amp. incoming feeders, 
one at each end of the switchboard, through 
four 0-6 sq. in. 34 core P.I.L.C. and armoured 
cables in parallel. The equipment of these 
transformers, which were built by the 
Australian factory of the G.E.C. is as com- 
plete as possible, in order to safeguard the 
supply to the vital services, and, besides 
the protection afforded by the circuit breakers, 
includes dial type thermometers with maxi- 
mum alarm contacts, conservator and double 
float Buchholz relay, audible and _ visible 
remote and local alarms. 

Four of the 400 amp. outgoing feeder panels 
supply the drainer and fire pump motors, and 
two further panels provide a grouped supply 
to the circulating water pumps and the valve 
starter board. A separate 15-way distribution 
switch fuse board unit is supplied from 
another panel; the tenth panel is spare. All 
these circuits have overcurrent protection. 

The auxiliary supplies-in the pump house 
involving seepage pumps, exhauster drives, 
ventilation equipment, motor and switchgear 
off-circuit heaters, lighting, cranes and a 
variety of small services necessary to maintain 
the pump house in operation are responsible 
for a load of nearly 200 kW. 
The distribution board consists 
of 15 ironclad air-break switch 
fuse units installed in the 
gallery. 


PUMP HOUSE SITE: GEN- 
ERAL CONSIDERATIONS. 

A description of the pump 
house would not be complete 
without some reference to the 
special problems associated with 
the underground site. 

Erection of the equipment 
was complicated by the limited 
means of access and the nec- 
essity for man-handling the 
components, some weighing 
from 10 to 15 tons, into the 
pump house. 

As a precaution against flood- 
ing, the subways and under- 
ground chambers have water- 
tight section barriers which 
necessitated the sealing of all through-cables. 

To protect the insulation of the electrical 
equipment against the deleterious effects of 
condensation from the humid salt-laden 
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Fig. 9..-The pump house ventilation plant, comprising two fans 
driven by 12 h.p. high torque squirrel cage motors, capable of 


changing the air five times an hour. 


atmosphere, heaters are installed on motors 
and control gear and arranged to switch on 
automatically when the plant is not in use. 
These heaters are supplied from a 32-way 
distribution board through 30 amp. double 
pole switches fitted with H.R.C. fuses. 
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To maintain reasonable air con- 
ditions in the pump house with the 
considerable amount of energy that is 
dissipated as heat when the equip- 
ment is in full operation, the air can 
be changed completely five times an 
hour. For this purpose duplicate fans 
are installed, each with an output of 
15,000 cubic ft. of air a minute, 
driven by 12h.p. high torque squirrel 
cage induction motors (fig. 9). 


ELECTRIC SUPPLY SYSTEM. 


As the operation of the Dock is 
so completely dependent upon its 
electrical equipment, a most thorough 
and comprehensive system of inter- 
connection and _ duplication is 
essential to avoid the possibility of 
a failure of the supply. 

Two separately fed ring mains, a 
main and a stand-by, are laid round 
the Dock area. The main supply from the 
Sydney County Council’s Electricity Under- 
taking is drawn from duplicate 33 kV feeders 
in two separate substations, each of which 
contains a 5,000 KVA, 33 kV/5 kV step-down 
transformer feeding opposite ends of a ring 





Fig. 10.—-The three 1,250 kVA Diesel alternator sets in the stand-by power station. 


On the main pump motors, the ventilating 
circuits are fitted with air dampers which are 
closed in order to conserve the heat when 
the machines are at rest and the heaters in 
circuit. The provision of electrical interlocks 
ensures that the dampers are opened before 
Starting up. 


main consisting of two -25 sq. in. 3-core cables 
in parallel. These substations can be inter- 
connected by selective switching both on the 
33 kV and 5 kV bars. 

This thorough interconnection and dupli- 
cation ensures that only a major failure in the 
Sydney County Council’s system would shut 
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down the Dock supply. To meet this con- 
tingency and also to reduce the peak demand 
imposed by the main pumps during de-water- 
ing, a stand-by Diesel power station has been 
installed. From this station three Diesel 
driven 1,250 kVA alternators feed the stand-by 
ring main from the reserve bars of a main 
duplicate busbar switchboard. A 
view of these machines is seen in fig. 
10. The alternators which are of the 
revolving field salient pole type with 
single bearings and direct coupled 
exciters, run at 428 r.p.m. and give a 
supply at 5 kV, the voltage being 
maintained by automatic voltage 
regulators. 

As with the other electrical 
equipment, off-circuit heaters are 
installed to counter the effects 
of the humid salt-laden atmosphere, 
and the chimney type stator casings 
have air dampers that are closed 
sO as to retain the heat when the 
machines are not in use. 

The 5 kV supply cables from the 
main substations and from the Diesel 
station pass through the service tun- 
nels to the substation near the dock 
entrance. Cables for all the services, 
for the 5 kV ring mains, pilot cables as 
well as those for D.C. supplies, telephones, 
remote indication and alarms, are racked and 
cleated to the tunnel walls. The tunnel gives 
access to the underground substations and 
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Fig. 11.—A water-tight bulkhead from the pump house side showing the 
sealed-through cable connections. 


valve chambers, and extensive precautions 
have been taken by the provision of water- 
tight bulkheads and_ sealed-through con- 
nections to limit the effect of any flooding 
(fig. 11). 

Substation No. 3 comprises, in the main, 
a motor generator installation for D.C. supplies 





Fig. 12._-One of two motor generator sets giving a D.C. supply for running 
essentia) machinery on ships in dock. Each set comprises an 845 h.p. 
5 kV synchronous induction motor driving two 250/295 kW generators, 


220/260 volts. > 


to the West Dock and wharves, the East side 
being fed from a similar installation in the 
Diesel power house. 

Substation No.4 on the East side of the basin 
includes the ring main switchgear and trans- 
formers to supply the pump 
house ; duplicate 1,000 kVA, 
5 kV /415/240 volt transformers 
are provided for the low voltage 
equipment. 

To enable equipment aboard 
laid-up ships to be operated 
from shore supplies, 17 plug and 
socket connections are installed 
round the Dock and its various 
wharves, the West and East sides 
being separately supplied from 
motor-generator installations in 
Substation No. 3 and in the 
power house respectively. Each 
installation comprises a motor 
generator set consisting of an 
845 h.p. 5 kV _ synchronous 
induction motor driving two 
D.C. generators which are 
directly coupled to it, one at 
either end (fig. 12). The set 
runs at 1,000 r.p.m., and each 
generator has an output of 
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250 295 kW providing a current of 1,135 
amps. at 220260 volts. Series diverters are 
fitted to adjust the output voltage so as to 
nraintain a stable D.C. voltage at the ends 
of the various feeders. The machines are 
arranged for axial ventilation and the enclosing 
covers are brought down to the shaft; top 
outlets with drip-proof covers are provided 
for the exhausted air. The standard off- 
circuit heaters as fitted on the other electrical 
equipment are provided. 

In each substation there is installed a five- 
panel cubicle type generator switchboard in 
which four double pole, 1,200 amp. air 
circuit breakers control duplicate pairs of 
feeders. The longest feeder consists of 1,300 
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PORTABLE DOCKSIDE SUPPLIES. 


Numerous A.C. and D.C. plug-and-socket 
connections are provided throughout the 
Dock area, the D.C. supplies being further 
augmented by a fleet of six 110 volt motor 
generator sets mounted on trailers. 

These sets, some of which are illustrated 
in fig. 13, are provided with weatherproof 
housings, and, as the work for which they are 
required may involve long periods during 
which they have to stand idle, exposed to all 
weathers, heaters are fitted which are auto- 
matically switched on when the sets are shut 
down. Their equipment comprises a 50 kW, 
110 volt D.C. generator driven by a 78 h.p. 
squirrel cage motor to which it is flexibly 





Fig. 13.—-Part of the fleet of transportable motor generators 
sets for welding and lighting services. 


ft. of twin single core 0-6 sq. in. paper insul- 
ated, lead covered, single wire armoured 
cable ; the generator field control ensures that 
the full D.C. voltage is maintained at the 
service connection. The fifth panel carries 
the indicating equipment for the synchronous 
induction driving motor. The motor control 
gear is hand operated and includes a liquid 
starter. 

Besides the main D.C. generator, a separate 
constant-current motor generator set is in- 
stalled for supplying the electric drive for the 
capstans. The motor driving this set is 
supplied at 415 volts, through suitable switch- 
gear, from duplicate 500 kVA _ step-down 
transformers. A board is provided to which 
other local auxiliary circuits are connected, 
such as sub-circuit switch fuse distribution 
boards for dockside lighting, wharf cranes, 
heaters and ventilating fans. 


coupled, the machines being mounted to- 
gether on a combination bedplate. Motor 
and generator are both of the enclosed pipe 
ventilated type. There is also included a 
contactor type star-delta starter, D.C. switch- 
gear, lighting points and the requisite trailing 
cables. For welding purposes, six similar 
sets are provided, giving a 50/60 volt D.C. 
supply. 


COMPRESSOR HOUSE. 


Round the Dock site and wharves twenty- 
eight points are provided for compressed air 
supplies, one of the purposes for which this 
is used being to refloat the Dock gate floating 
caissons. 

The compressed air mains are connected 
to two air receivers supplied from three 
compressors in the main Diesel power 
house, which have a total capacity of 2,900 
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cubic ft. of air per minute at a pressure of 
105 lbs. per sq. inch; the pressure is auto- 
matically maintained within the limits of 
95 lbs. and 105 Ibs. per sq. inch by 
unloading valves operated from _ pressure 
switches. 

Each of the duplicate compressors is driven 
by a 255h.p. salient pole synchronous induction 
motor running at 300 r.p.m., a synchronous 
induction motor of 120 h.p. being installed to 
drive the third compressor. ‘These motors 
run at unity power factor and the use of an 
initial unloading valve keeps the starting 
current low. Their operation is entirely 
automatic and is controlled by Australian 
built contactor type starters through pressure 
switches. The motors are supplied with 
power at 415 volts from a four-panel S.V.D. 
board. ‘Three panels are used for the com- 
pressor motors, the fourth panel being used to 
supply other auxiliary equipment including 
Ssub-circuit switch and fuse distribution 
boards and six small squirrel cage motors 
driving circulating pumps for fresh water and 
salt water coolers. 
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Fig. 14.-An aerial view of the 35,000 ton battleship, “ King George V,"’ entering the 
Captain Cook Graving Dock. 


(By courtesy of the “ Sydney Morning Herald.”) 
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High Frequency Inductor Alternators. 


1. INTRODUCTORY. 


OR many years, inductor 
Ff type alternators have 
been built to generate 

high frequency currents for 
special applications, using 
frequencies from 250 to 
200,000 cycles per second. 
‘To-day the increasing use of 
high frequency currents in a 
great number of industrial 
processes has created a grow- 
ing demand for high fre- 
quency generators of various 
types covering a much wider 
frequency range. The power 
sources preferably used to 


By A. W. FORD, B.Sc., 
Witton Engineering Works, 


In thts article the various 
types of inductor alternator are 
described in terms of their basic 
principles of operation. All 
inductor alternators are broadly 
in one of two groups: the so- 
called *‘swinging-field” and “‘pul- 
sating-field” machines. 

A simple theory and vector 
diagram are developed which, 
with modifications, can be ap- 
plied to both swinging-field and 
pulsating-field machines. The 
theory involves several assump- 
tions but serves to show the 
essential characteristics of these 


2. TYPES OF HIGH FRE- 

QUENCY ALTERNATOR. 

High frequency alternators 

may be divided into two 
main groups :— 

(a) Conventional salient 

pole alternators. 

(6) Inductor-type alter- 
nators. 

(a) Conventional - salient 
pole alternators with 
wound rotors § and 
stators can be designed 
for frequencies up to 
about 1,000 c.p.s., but 
above this frequency 
mechanical difficulties 





meet these requirements 
are : 

(a) Motor-alternator sets 

for frequencies up to 50,000 c.p.s. 
*(6) Spark-gap oscillators for frequencies 
between 25 and 250 kilocycles per second. 

(c) Electronic oscillators for frequencies 

from 100 kilocycles up to several mega- 

cycles per second. 

Inductor-type alternators provide the most 
economical source of power for such indus- 
trial processes as induction heating of metals 
for surface hardening or hot-working, whilst 
electronic oscillators with outputs of several 
kilowatts at frequencies from 1 to 100 mega- 
cycles are being increasingly used for such 
processes as the heating of synthetic plastics, 
curing synthetic glues in plywoods, etc. 

The term “high frequency” as applied to 
inductor alternators is therefore comparative 
only, and is intended to distinguish them from 
the conventional type of rotating machines 
working at frequencies of the order of 50 
cycles per second. 


machines. 





appear in the design 
of the rotor. The 
difficulties are revealed 
by the formula :— 

peripheral speed of rotor 

pole pitch 
This shows that in order to raise the 
frequency, we must increase the peri- 
pheral speed, decrease the pole pitch or 
both. In the first case difficulties arise 
in retaining coils against centrifugal 
force, and in the second case the space 
available for winding rapidly diminishes. 
(6) The inductor-type alternator has no 
winding on the rotor and for a given 
speed and number of rotor teeth (or 
poles) generates twice the frequency of 
the salient pole machine. The absence 
of a winding on the rotor means that the 
peripheral speed can, for the highest 
frequencies, be raised to the safe limits 

of mechanical stress in the rotor. 
Inductor alternators are of two types, 
the homopolar and the heteropolar type. 


Frequency = 3 
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The homopolar machine has two stator 
cores in a common frame which forms the 
magnetic link between them, and two rotor 
cores on a common shaft or spider which also 
forms a magnetic link. A _ cross-sectional 
view of the homopolar machine is shown in 
fig. 1. The dotted lines show the direction 
of flow of the magnetic flux. The exciting 
coil E is mounted mid-way between the two 
stator cores which are in most cases identically 
slotted and wound. 


EXCITATION COIL 
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+ 1.—Cross section through ack. alternator. 


Homopolar alternators have been designed 
for frequencies ranging from 500 c.p.s. up to 
30,000 c.p.s. and even higher. The Alexander- 
son “‘disc type’? homopolar alternator? was at 
one time used to generate frequencies of 
100 kilocycles per second and higher for radio 
transmission, but has since been superseded 
by thermionic valves. 

Homopolar alternators are extensively used 
in induction heating equipments and have an 
established reputation for reliability and effic- 
iency. Their manufacture, however, involves 
special frames and methods of con- 
struction and there has been in recent 


surfaces of the stator and rotor are shown 
smooth in fig. 2, although they are in fact 
slotted; there are many different slotting 
schemes in use, some of which are explained 
in Sections 4 and 7. 

The stator periphery is divided into zones 
of alternately north and south polarity, the 
magnetic flux flowing around the paths indi- 
cated by the dotted lines, and linking with 
the stator coils. 

Similar principles underlie the operation 
of the homopolar and heteropolar types in 
spite of the apparent dissimilarities between 
them. These principles are explained in the 
following sections. 


3. fig SWINGING AND FLUX PULSAT- 
In all alternators the stator contains a 
number of coils in which e.m.f’s. are generated 
by variation of the flux linking them. In 
inductor alternators there are two methods of 
producing this variation of flux-linkage :— 
(a) Pulsating field. ‘The total flux linking a 
given coil always follows the same 
magnetic path through the machine, but 
pulsates in magnitude between a maxi- 
mum and minimum value in the same 
direction ; there is no reversal of flux. 

In alternators of the pulsating-field 
type, all the active iron carries an alter- 
nating component of flux. 

The flux-variation is due mainly to the 
cyclic change in the air-gap permeance, 
although a reaction effect due to the 
high-frequency current in the stator coil 
has also to be taken into account. 

(b) Swinging field. The total flux in the 
machine remains practically constant 
but can be considered as comprising a 





years considerable development of 
heteropolar machines for frequencies 
up to about 15,000 c.p.s. and outputs 
of the order of 100 kW. 

The construction of heteropolar alter- 
nators is generally similar to that of a 
standard induction motor and is in 
many respects simpler than that of the 
homopolar type, requiring only one 
stator and rotor and a shorter shaft. 
This favours the design of a machine 
with the smallest possible air-gap, an 
important factor in determining the 
output from a given frame. 

Fig. 2 shows the essential features 
of the heteropolar alternator. The 
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Fig. 2.-Side view and cross section of heteropolar alternator. 
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number of component fluxes each under- 
going continuous change of path. A 
given component flux first pursues a 
path linking with a stator coil and in 
the course of one half cycle swings to an 


STATOR 





ROTOR 








i. 
O 7 27 


ROTOR ANGLE (electrical) -—————> 


Fig. 3.—Variation of flux density around stator bore due 
to rectangular rotor teeth. 


alternative path which does not link with 
that coil. Half a cycle later it returns 
to its original path. Usually the flux 
swings out of one coil and into an 
adjacent coil. 

By using two swinging fluxes of 
opposite polarity in combination, 
a true flux-alternation can be 
achieved. 

It should be pointed out that 
this distinction between flux puls- 
ation and flux swinging merely 
provides a useful point of view 
for analysing the effects produced 
by different systems of stator 
slotting, and when considering 
the iron losses in an alternator. 

The generation of e.m.f. in any 
stator coil is due to the pulsation 
of the flux linking it, but if a group of 
coils is energised by pulsating fluxes of 
different phases, such that the sum of the 
alternating Components is zero, and the 
magnetic circuit is so arranged that these 
fluxes combine into a common stream 
throughout the greater part of their 
length, it is often convenient to consider 
the flux changes as due to comparatively 
localised fluxes swinging from one coil 
to another. This is often useful also 
for making an estimate of the iron 
losses in the machine. 

The total iron loss in an inductor-type 
alternator is difficult to calculate accur- 
ately but it is possible to make an estimate 
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by dividing up the magnetic circuit into 
suitable portions and calculating the 
loss due to the alternating component 
of the flux density in each portion. 


4. SLOTTING SYSTEMS. 


The effects of flux swinging and flux 
pulsation are produced by cyclic changes in 
the air-gap permeance at all points around the 
stator bore. 

Consider, for simplicity, an alternator ex- 
cited by direct current and neglect the magnetic 
potential drop in the iron, 1.e., assume that all 
the D.C. exciting ampere-turns are expended 
in the air-gap. Then when the alternator 
is on no-load the flux through any given area 
of the air-gap is directly proportional to the 
air-gap permeance. Variation of the flux is 
therefore directly proportional to the variation 
of the air-gap permeance. 

The most effective means of varying the 
air-gap permeance is by employing rotor 
teeth of approximately rectangular shape, as 
shown in fig. 3, and an air-gap as small as 
mechanical considerations permit. 

Movement of the rotor through one rotor 
tooth pitch produces one complete cycle of 
change in air-gap permeance. 
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Fig. 4.-Slotting system for homopolar alternators for 


























frequencies up to about 1,000 c.p.s. 


Hence, if N,, = number of rotor teeth (or slots). 


n -==rotor speed in r.p.m. 
f =frequency of generated e.m.f. 
Then f = N,, = ge a wi cee 
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Fig. 5.—Slotting system for homopolar alternators. 
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The frequency of the generated e.m.f. is in 
no way dependent upon the number or ar- 
rangement of the stator teeth. 

Fig. 3 shows a purely hypothetical case of a 
smooth stator surface, so that the flux per 
rotor tooth is constant and can be regarded as 
continuously swinging around the stator. In 
order to utilise this variation of flux density 
to the greatest advantage in generating e.m.f. 
the stator coils must have a pitch of 
approximately half the rotor tooth 


and by substituting this value of N,, in 
equation (1) we get 


jo . ie 

“2. SRG ae 
V 

r= — ; ‘ : ‘ ° 2 
7 (2) 


The highest surface speed which can be 


A.C. wie: D.C. EXCITATION COILS 





pitch ; one such coil is shown in fig. 3 
on the surface of the stator. For 
convenience in subsequent discussion, 
we will define the air-gap region 
embraced by a single stator coil as an 
“alternating flux zone.” 

In practice, of course, the coils must 
be housed in slots. Fig. 4 shows a 
typical arrangement used in homopolar 
alternators for frequencies up to about 
1,000 c.p.s. The stator winding is of 
the same type as that used in conven- 
tional salient-pole machines ; the number of 
coils used and the method of connecting them 
depends upon space available in the slots, 
voltage required, elimination of harmonics, etc. 

Another example is shown in fig. 5, where the 
number of stator teeth is exactly twice the 
number of rotor teeth. This is a slotting 
system commonly used in homopolar altern- 
ators as it preserves an approximate con- 
stancy of the main flux. Each tooth forms an 
alternating flux zone, the alternating fluxes in 
adjacent zones being 180° out of phase. Fig. 
5 may be regarded as a limiting case of fig. 4, 
both being flux-swinging types. 

Fig. 6 shows the same system of slotting, 
as used in the “Lorentz” type heteropolar 
alternator. Additional slots are spaced at 
equal intervals around the stator to house the 
D.C. excitation coils which produce alternate 
zones of north and south polarity in the air- 
gap. No appreciable alternating e.m.f. is 
induced in the D.C. excitation coils. 

The slotting systems of figs. 4, 5 and 6 are 
not the most suitable for frequencies of the 
order of 10,000 c.p.s., as at this order of 
frequency the stator slots become unduly 
narrow. This will be seen from the following 
formula :— 





Let T pitch of rotor teeth 
D air-gap diameter of rotor 
V, surface speed of rotor 
’ ™D , =D 
Then T —— or N,, = 
N,, T 








Fig. 6.—Slotting system for Lorentz type heteropolar alternator. 


safely permitted depends upon the mechanical 
design of the rotor and has a definite limit. 
Hence as the frequency increases, the rotor 
tooth pitch must be decreased correspondingly 
and the pitch of the stator teeth likewise. 
At some stage, the width of the stator slots 
becomes so small that the low winding space 
factor and other difficulties become serious 
drawbacks in the use of these slotting systems. 

It therefore becomes necessary, for the 
higher ranges of frequency, to use stator and 
rotor teeth of equal pitch, as shown in fig. 7. 
This slotting system produces a pulsating 
field. The stator coils are housed in larger 
slots and may span any number of the smaller 
teeth without restriction of pitch. In other 
words, the extent of the alternating flux zone 
is independent of the pitch of the teeth, which 
can be made as small as mechanical consider- 
ations will allow. 

This system of slotting clearly has important 
advantages for the generation of very high 
frequencies. A number of types of alternator 
embodying this system are described in 
Section 7. 


5. SIMPLE THEORY OF INDUCTOR ALT- 
ERNATORS. 

This is based upon the consideration of a 
single stator coil spanning a given arc of the 
stator bore, such as is shown in fig. 3; it 
follows the same lines as the theory given in 
Dr. Pohl’s paper,'® to which the writer is 
indebted for many useful ideas. 

To simplify the problem, we assume that 
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the permeance of the air-gap under the altern- 
ating flux zone varies according to the law 


P = P, + P,; cos 6 , - (3) 
Where Py and P; are constants for a given 
air-gap zone, and 9 is the electrical angle of 
displacement of the rotor from the position 
of maximum permeance. 


; UUU 


N 





























Fig. 7.—-Stator and rotor teeth of equal pitch. 


If we ignore the m.m.f. expended in the 
iron of the magnetic circuit then we will have 
a constant D.C. excitation of /)>No ampere- 
turns expended on the air-gap, so that on 
no-load the flux is given by 


. a Mi IDNo (Po + P; cos 9) - «+: (4) 


When the alternator is on load, the stator 
coil will carry an alternating current /; sin 
(0 - a — 9), creating ampere-turns equal to 
I,N, sin (@-a-@), where 9 is the power 
factor angle (lagging) of the A.C. load, and « 
is a phase angle which will be determined 
later. 

Hence the resultant or working flux on load 
iS — by 


@- = hla end LN, sin (6- g&- 9)] [P+ 


sa -P, cos 6] 


AoP > 7 AoP, cos § 4+- AiPo sin (6-a-9) 
’ A;P; cos § sin (0 -a-9) 
= [AoPo — 4 A;P; sin (a + ¢—)] + [AoP; sin 
(6 + 90°) + A Po! sin 0- ~e-9)) + [8 Ai P, 
sin (20-a- 9 (5) 
Where A te oe ee 
ere #19 10 oAVo an 1 10 j4Vj- 


The first expression in the square brackets 
represents the direct or steady component of 
flux, the second expression in square brackets 
the fundamental frequency alternating flux, 
and the third expression in square brackets a 
double frequency component of flux. This 
last flux component will generate a second 
harmonic e.m.f. in the stator coil, but we will 


. JOURNAL 


August, 1947 


suppose that it is ineffective in producing 
second harmonic current. 

The most important quantity in equation 
(5) is the fundamental alternating flux, i.e. 


® (alternating) = A sin 10 + + 90°) + A;Po 
sin (6 - « —¢) » . 
Equation (6) enables us at once to draw the 
vector diagram and the equivalent 
circuit, see fig. 8. In the vector diagram 
OQ is the reference vector represent- 

ing the rotor position angle 6. 


OA represents the flux component 

@, = AoP; sin(@+ 90°) - (7) 

AR represents the flux component 

®, = A;Pp sin (0 -«-9) ° (8) 

S Hence OR the vector sum of OA 

and AR, represents the resultant alter- 
nating flux on load, @p. 

It is interesting to note that the 
primary or no-load flux, %,, is pro- 
duced by the D.C. ampere-turns acting 

on the variable component of the air-gap 
permeance, and the reaction component of 
the flux, 2, by the A.C. ampere-turns acting 
on the constant component of the air-gap 
permeance. 


Corresponding to these flux components, 
and proportional to them, are the e.m_f. 
components £;, E>, and E,, each lagging 90° 
behind the flux producing it and represented 
by OH, HG and OG respectively in fig. 8. 


The load current J; lags behind E, by the 
angle @, and the flux component > is in 
phase with J le 


The angle AOR=«a. This angle increases 
as the load current increases. “The physical 
significance of this is that on no-load the 
alternating flux linking the stator coil has its 
greatest amplitude, and its maximum value 
occurs at the instant when the air-gap perm- 
eance is at its maximum, but as the load 
current (at lagging power factor) increases, 
the amplitude of the working flux diminishes 
and its maximum value occurs increasingly 
later than the instant of maximum air-gap 
permeance. 


The equivalent circuit shown in fig. 8 
represents an alternator with constant excit- 
ation generating a no-load voltage EF; and 
having synchronous reactance xX, in series 
with the load impedance Z,. 

The behaviour of this circuit is completely 
specified by the vector diagram. The voltage 


drop E>, is produced by the synchronous 
reactance. 
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1.e.,1;X, = E, 
— aN, 2, x 10-6 


4m 
= aN, x i0 ILN,Po <x 10°8 


Therefore X, = w X42 10°? N? Py ohms - - (9) 
This is the value referred to one stator coil. 


OZ in the vector diagram represents the load 
impedance Z, (referred to one stator coil). 
This can be shown as follows :— 


OZ _F, _ _F, 
Ec. Ge. fam 
7_fi -, 
Therefore OZ = XT, 
or OZ — ZL . . . . (10) 


I, 


where /, = short-circuit current. 


Note that all voltages, currents and fluxes 


are here expressed as maximum, not R.M.S. 
values. In equation (10), OZ must be meas- 
ured to the same scale as E;, E>, and E,. 


The volt-ampere output per stator coil 
4 ET; 
b [yZy 
E?Z, 
= ie 
24 (Z, cos 9)* + (Z, sin @ + X,)*} _ 








This is a maximum when Z,; = X, and 


(ITZ )mas. - 


E} 
ss 8 ; : 12 
4X. (1 + SIN 0) ( ) 


A 





The power output per stator coil 

= 4 El; cos o 

= 41/Z, cos¢ - (13) 
This is also a maximum when Z,; = X, and 
the maximum power output is given by 


E? cos9 
4X,1+sino .— ai 


It can be shown by simple geometry that the 
power output is directly proportional to the 
perpendicular distance JG in the vector 
diagram. 

The steady or D.C. component of the flux 
on load is given by 


o = AoPo — 4 AP; sin (@ + 9) 


a ry 
— OA bp, x AP (15) 

This shows that the steady component of 
the flux decreases very little from no load to 
full-load and may be considered as approxi- 
mately constant at all loads. 

Throughout this analysis, the m.m.f. ex- 
pended in the iron has been neglected. It 
cannot be taken into account mathematically 
because the flux density in the teeth usually 
attains values on the curved portion of the 
magnetisation curve. Furthermore, the 
assumption that the air-gap permeance varies 
according to the law 

P= P 0 +- P 1 COS 6 
is only an approximation and to be more 
accurate we require all the coefficients 
of appreciable magnitude in the Fourier 
series 
P=P,+P; cos§+P,cos 26 + 
P 3 COS 36+ ---- 


representing the air-gap permeance as a 
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Fig. 8.Vector diagram and equivalent circuit. 





function of the rotor angle. 

A mathematical solution which in- 
cludes all these coefficients can be 
obtained in a similar manner to that 
already given. As an example, the 
Appendix gives the solution when the 
coefhicients Pj, P;, and Pz are included, 
but it will be quite evident that the 
same method of solution can be applied 
no matter how many coefficients are 
taken into account. Great accuracy 
in this direction is wasted, however, so 
long as the m.m.f. drop in the iron is 
neglected. It is better to proceed 
directly to a graphical solution, which 
takes into account both the m.m_f. 
expended in the iron and in which 
the air-gap permeance is represented 
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by a series of values instead of a formula. 

A graphical construction is shown in fig. 9. 
In this it is assumed that two imaginary (e) 
cylinders passing through the bottom of the 
rotor and stator teeth are magnetic equi- 
potential surfaces, and that the total ampere- 
turns act, not across the air-gap only, but 
across the air-gap and teeth between these 
equipotential surfaces. 

The construction is carried out as follows ; 
it is assumed that the whole flux enters each 
tooth through its air-gap face. 

(a) Determine, for a series of values of the 
rotor angle 6 (electrical), the corres- 
ponding values of the air-gap permeance 
per tooth. 

(6) Plot a set of straight lines giving the 


determined from the vector diagram 
drawn for the same load current. 

In the initial position, the horizontal 
distance of Q from the vertical axis 
gives the total ampere-turns acting on 
the gap and teeth when the rotor angle 
O equals zero. Hence by projecting Q 
vertically on to the “gap plus teeth” 
line for 0°, we obtain the tooth flux for 
this position. 
































flux per tooth (#,g) against the ampere- 
turns expended on the air-gap (AT,9) 
for the selected values of 6. The 
relationship is = 
4x 
10 





Dp, A T 6 . Po 

(c) For a few suitable values of teeth flux, 
add to the air-gap lines the ampere- (f) 
turns expended in the teeth (stator and 
rotor). ‘This gives the set of “gap plus 
teeth” lines shown in fig. 9. 

(d) Draw OP equal to the D.C. ampere-turns 
per zone and PO equal to the A.C. 
ampere-turns for a given load, the 
phase angle between OP and PQ being 
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Fig. 9.—Graphical construction for solution of pulsating -field machines. 


























Fig. 10.—Distribution of flux in air-gap of homopolar 


alternator. 


By drawing PQ in successive angular 
positions over a complete cycle, and 
repeating the above procedure, we 
obtain a series of points giving the flux 
values over the whole cycle. A smooth 
curve through these points gives a char- 
acteristic flux loop. 

On no-load the flux loop collapses 
into a straight line projected ver- 
tically upwards from P. 

(g) The flux wave, drawn to a linear 
base if desired, must now be 
analysed to determine the ampli- 
tude of its fundamental harmonic 
and its phase with respect to the 
rotor. This angle must be com- 
pared with that in the vector 
diagram, and if there is any 
appreciable difference, the graph- 
ical construction must be repeated 
until it converges to a reasonable 
degree of agreement. 

The graphical solution is com- 
plete in itself, but it is of great 
assistance to draw the _ vector 
diagram first in order to obtain 
the approximate phase relations 
for commencing the _ graphical 
construction. 

Some consideration of fig. 9 
will reveal one of the characteristic 
features of all inductor alternators, 
namely that as the D.C. excitation 

















H.F. INDUCTOR ALTERNATORS 197 


is increased from zero, the no-load 
terminal voltage of the machine 
increases at first in proportion to the 
excitation current, then more slowly, 
finally reaching a maximum value, 
after which any further increase in 
exciting current produces a reduction 
in no-load terminal voltage. This effect 
is due to saturation in the magnetic 
circuit, principally in the teeth, as these 
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Fig. 11.—-Transformer core with air-gap of variable 
permeance. 


are subject to the highest flux density. 
Laffoon* gives no-load saturation curves 
for a 100 kW, 6,500 c.p.s. alternator. 


6. APPLICATION OF THEORY TO SWING- 

ING-FIELD ALTERNATOR. 

As an example of the application of the 
foregoing theory, consider the 
case of the homopolar alternator 
having two stator slots per rotor 
slot. 

In order to avoid ufdue com- 
plexity, it must be assumed that 
for any given rotor position the 
permeance between the face of 
one stator tooth and the rotor is 
constant at all loads. This implies 
that the flux distribution in the 





air-gap is not affected by load, 
which is obviously not true, but 
to attempt to determine the precise 
flux distribution for each load and 
rotor position would render the 





problem virtually insoluble. 
Consider the case of a half-coiled 
winding, t.e., with a coil embracing 
every other stator tooth, as shown in 
fig. 10. We have to determine the 
fluxes from tooth A to the rotor and 
from tooth B to the rotor. This would 


be simply the product of the ampere-turns and 
permeance in each case but for the fact that 
tooth A carries alternating ampere-turns and 
tooth B does not, so that there is a difference 
in ampere-turns between the teeth which 
gives rise to a circulating flux passing down 
tooth A, through the air-gap to the rotor, 
from the rotor to tooth B and up through 
tooth B to complete the circuit. 

Thus the resultant flux in each stator 
tooth can be considered as the resultant of two 
components. In addition there will be a 
certain amount of leakage across the slots 
which must also be taken into account. 
Formulas for calculating the leakage perm- 
eance of the slot will be found in standard 
text-books. 

An analytical or graphical solution can be 
obtained along similar lines to those given in 
the previous sections. 

J. H. Walker'’ describes an alternative 
procedure for calculating the distribution of 
flux in this type of machine. 


7. THEORY OF HETEROPOLAR ALTERN- 
ATOR OF THE PULSATING-FIELD TYPE. 


There are many varieties of this type of 
machine, but they can all be considered as 
derived from a single transformer core carry- 
ing either one or two windings and having 
a variable air-gap in the magnetic circuit, as 
shown in fig. 11. 

In this type, the whole of the magnetic 
circuit carries both the steady and alternating 
components of flux and the analysis given in 
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Fig. 12.—Transformer-core type 
inductor alternator with separate 
cores. 
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Section 5 can be _ applied 
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directly to each individual 








core. [he ampere-turns J,No 1 
and J,N,; are the values for 
each gap, 1.e., half the total for 
each core. 

Fig. 12 shows the type of 


machine described in Provis- Fig. 


ional Specification No. 20182/46 
(“Improvements in or relating 
to Heteropolar Inductor Alternators” by 
Dr. E. Friedlander). The stator comprises 
a number of separate cores (preferably 


a multiple of four) equi-distantly spaced 
around the rotor, with successive phase 
displacements of 180 between _ stator 
and rotor slots in consecutive’ cores. 


The effect of this is to introduce a 


phase displacement of 180° between the 
fundamental frequency e.m.f’s. induced in 
the winding in successive cores. This makes 


it possible to use one winding on each core 
for both the D.C. excitation and the A.C. 


load current provided a suitable scheme of 


connecting the coils is _ used. 
In fig. 12, the four coils are 
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.-—Transformer-core type alternator with cores 


combined into an annular stator. 


If we now imagine the stator cut into a 
number of sections equal to the number 
of cores, bisecting each core as shown by 
the dotted lines “aa” and “bb” (fig. 15), 
and alternate sections then rotated through 
180° about a centre-line in the plane of 
the paper and rejoined to form a _ whole 
Stator again, we have the arrangement 
shown in fig. 16. This machine, together 
with a modification in which only half the 
number of A.C. coils is used (fig. 17) is 
described in British Patent No. 554827, both 
being improved forms of a machine patented 
by Guy in 1901 (British Patent No. 18027). 





shown connected in a bridge 





circuit in such a way that the N 
fundamental-frequency e.m.f’s. 
cancel out in the D.C. ex- 
citation circuit. 

Although in fig. 12 the 
cores are shown as separate, 
they may also be _ joined 
together so that they each 
form part of a single annular stator, as 
shown in fig. 13 in developed form. The 
dotted lines in fig. 13 show where the cores 
are joined together. 

The A.C. winding shown in fig. 13 is waste- 
ful of copper, however, as those pairs of A.C. 
coils which are separated by the dotted lines 
carry fundamental frequency e.m.f’s. in the 
same direction. They can therefore be 
replaced by half as many coils of twice the 
span, each coil embracing the two adjacent 
halves of consecutive cores, 
as shown in fig. 14. 

In figs. 13 and 14 the adjacent 





Fig. 14.—-Similar to fig. 13, but with A.C. coils spanning 


two alternating flux zones. 


These examples will serve to show 
how the many different types of 
heteropolar inductor alternator which have 
been devised can all be considered as 
comprising a number of transformer cores 


with variable  air-gaps. The analysis 
already given can be applied to all 
these types, due consideration being 
given to the _ peculiarities of the 
electric and magnetic circuits in each 
case. 





poles of neighbouring cores are 
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of opposite polarity, but by 
using only half as many exciting 
coils as shown in fig. 15, the adja- 
cent poles become of the same 
polarity. This arrangement gives 
a substantial saving in copper 
and is in no way detrimental to 
the performance of the machine. 
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Fig. 15.—-Transformer-core ty 
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8. EXCITATION. 
So far, it has been assumed 





that the alternator is excited 


—— ce 








by direct current. This can 2 N N 


conveniently be provided from 
the A.C. power supply by 
using a rectifier. It is not, 
however, essential to use D.C. 
for exciting heteropolar mach- 


ines, as they embody lamin- Fig. 


ated magnetic circuits ; single 
or polyphase A.C. may equally 
be used. D.C. must of course be used on 
homopolar machines where the major portion 
of the magnetic circuit is solid. 

Heteropolar machines excited with altern- 
ating current of ordinary power supply 
frequency generate a modulated e.m.f. but 
the pulsation of output is so rapid that it is no 
disadvantage in most applications. 

A.C. excitation naturally suggests the 
possibility of using a stator winding to 
produce a rotating magnetic field and fitting 
the rotor with a_ suitable 
winding so as to produce a 


S 


sTalpicn (ala¥nicutatalpiny iatale ic 
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16.—Similar to fi¢. 15, but with rearrangement of 


alternating flux zones. 


produces an almost directly demagnetising 
effect, especially as full-load is approached. 


It is easy to show that 











| n sin a 
AB = OA » nos (2a-9) 
cos(a+@). __(m-cos@) 
OG ee cosp n—cos(2a—@) } 
pinata So 
where n = 3G = “bp 


The load-circuit impedance or voltage/ 





motor action. 

Combined motor alternators 
of this kind have been built, 
although no information has 
been published concerning 
their performance, so far as 
the writer is aware. 





9. APPENDIX. THE EFFECT OF THE 
SECOND HARMONIC OF THE AIR- 
GAP PERMANENCE WAVE. 


Using the same notation as in Section 5, 
and assuming that the air-gap permeance 
can be represented by :— 

~ oa 


P=P,.+ P,; cos 6 + P, cos 20 
then the air-gap flux will be given by 
4x . ae 
@ = Fo oN ? I,N; sin(0-a-9)] 
[Po T P, cos 6 + P. cos 26] 
ApPo- } A;P, sin (a t 9) 
' AoP; sin(6§ + 90 ) ; A, Po5sin 
(0-a-p)- 4 A,P> sin (6 +a +9) 
t AoP> cos 20 + } A,;P, sin (20-«—-9) 
t A,P, sin (30 = €@ -9) 

The second line of this expression repres- 
ents the fundamental frequency flux, and the 
vector diagram is given in fig. 18, for the 
general case of a lagging power factor cos 9. 
his shows that the presence of a second 
harmonic in the air-gap permeance wave 








Fig. 17.—Similar to fig. 16, but with A.C. coils spanning 
two alternating flux zones. 
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Fig. 18.—Vector diagram showing the effect of the second 
harmonic of the air-gap permeance wave. 
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current ratio is, as shown in Section 5, 
proportional to OC/AB, and in this case 
we have 
OC cos(« +9) (n-—cos¢) 
AB n Sin % COS 
n-coso OD 
nCOS9 AD 


Hence the voltage/current characteristic 1s 
of the same shape as if the second harmonic 
were absent from the permeance wave, but is 
slightly reduced on the voltage axis. 
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Television Receiver Design 


WITH PARTICULAR REFERENCE TO A NEW TABLE MODEL TELEVISION 
AND RADIO RECEIVER. 
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1. INTRODUCTION. 
ETWEEN the inception of the tele- 
B vision service from Alexandra Palace in 
November, 1936 and the Radio Ex- 
hibition. in the autumn of 1939, there had 
been a steadily increasing demand for tele- 


vision receivers. The Radio Exhibition of 
1939 showed to the public a range of 


receivers, varying widely both in type and 
picture size, demonstrating the possibilities 
of television as a home entertainment. The 
demand for receivers had by then risen to a 
very appreciable figure and showed that a 
new public service had passed the novelty 
stage and had come to stay. At this promising 


point the further advance of television was 
stopped abruptly by the outbreak of war. 
During the five years that followed much 
of the technique that had been developed for 
television played a vital part in the rapid 
progress of the pulse methods essential 
to radar systems. Wartime development 
was, however, mainly in a very limited field, 
in so far as it was largely concerned with 
either pulse methods of operation, both of 
valves and circuits, or with centimetric trans- 
mission and reception. Whilst the advances 
in circuit technique will no doubt have a 
considerable overall effect on television during 
the next few years, their immediate influence 
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on television development at the end of the 
war was relatively small. 

On the other hand, valve and cathode ray 
tube design, and production methods, had 
gained considerably from wartime experience 
in the need to produce articles to close and 
difficult specifications. 

The design of a television receiver is neces- 
sarily a rather fine balance between the require- 
ments of a public service and the problems of 
economic production. The wide range of 
receivers, both in picture size and type, pro- 
duced before 1940 indicated the considerable 
doubt in the minds of manufacturers as to 
where the most suitable point of balance lay. 
Experience with such varied types of receiver, 
and also the public reaction to them, has 
however, provided a much firmer basis for 
future designs, and it is to be expected that 
the range of types necessary will become more 
restricted as the essential requirements of 
home television become clearer. It is natur- 
ally in the interests of production economy 
that this should be so. The decision of the 
Hankey Committee to continue, for a consider- 
able time to come, a television service on the 
standard of 405 lines as used before the war 
has also done a great deal to stabilise the 
future of the television industry. 

Consideration is given in the following 
sections to some of the factors affecting the 
design of receivers. These factors will be 
considered with particular reference to a new 
table model receiver which has been designed 
to meet the requirements indicated by pre-war 
experience and to incorporate as far as possible 
improvements in technique arising from 
wartime developments. 


2. REQUIREMENTS IN TELEVISION RE- 
CEIVER DESIGN. 


(GGENERAL. 


Although the foremost criterion of the 
quality of a home television receiver is its 
technical performance, the design is also 
affected to a considerable extent by a number 
of other factors. For example, the method of 
picture presentation and the ease of operation 
by the unskilled user are important factors in 
determining both the general form of the 
receiver, its more detail layout, and its 
acceptability to the public. 

At the same time the conditions under 
which it must operate, such as incident 
illumination and viewing distance, exert a 
major influence on the design. The corres- 
ponding factors in the reception of normal 
sound broadcasts are of comparatively little 


importance. On the other hand, with avail- 
able techniques the complexity of a television 
receiver is inevitably several times that of its 
radio counterpart and general economy is 
therefore also a vital factor in design. 

Whilst gradual improvement in technique 
and design of components will no doubt lead 
to corresponding overall improvements in 
design it is unlikely that any major change will 
take place to alter fundamentally the balance 
between requirements and economic produc- 
tion in the near future. 

The main requirements of a home receiver 
are considered to be :— 

(a) Picture resolution sufficient to utilise 
fully the maximum quality available on 
the established standard 405 line system. 

(6) Picture brightness sufficient to permit 
viewing with satisfactory contrast range 
under conditions of normal room illum- 
ination. 

(c) Simplicity of operation, implying a 
minimum number of controls needed to 
be adjusted by the unskilled operator. 

(d) Maximum freedom from all sources of 
extraneous interference, and in particular, 
ignition interference. 

(e) Sensitivity sufficient to give a com- 
pletely satisfactory picture with accom- 
panying sound over the whole of the 
service area of the London Television 
Station. 

In addition to these there are a number of 
very desirable features which it is felt should 
be incorporated : 

(f) Improved flatness of viewing screen, to 
reduce geometrical distortion and cut 
off at oblique viewing angles. 

(g) The inclusion of normal sound broadcast 
facilities. 

(h) The form should be as compact as 
possible for general convenience in 
home use. 

The significance of these requirements 1s 
discussed more fully in the following sections 
and is related to the design of the new table 
model receiver, which aims at meeting them 
as far as possible. 


PICTURE RESOLUTION. 

The resolution in a television picture, due to 
the method of scanning, is determined by 
different factors for the vertical and horizontal 
directions. 

In the vertical direction the definition has a 
maximum value determined by the number of 
lines used in the scan. Reduttion of detail 
in this direction can arise from the spot size 
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of the cathode ray tube or lack of interlacing 
of alternate scans but is substantially unaffected 
by the characteristics of the associated circuits. 

Horizontal definition, on the other hand, 
whilst also determined by the spot size of the 
cathode ray tube is directly dependent on 
both the bandwidth and phase characteristics 
of the vision channel. For equal maximum 
resolution in the horizontal and_ vertical 
directions a video bandwidth of about 2-5 
megacycles would be required on a 405 line 
system of 25 complete frames per second and 
a picture aspect ratio of 5 by 4. 

There has been a considerable weight of 
opinion supporting the view that this full 
bandwidth was unnecessary, on the ground 
that the vertical definition was appreciably 
deteriorated from its maximum value both 
by the spurious pattern effects introduced by 
line scanning, and by an inherent loss due to 
the interlace system as compared with sequen- 
tial scanning. As a result few, if any, receivers 
have in the past catered for the full possibilities 
of the 405 line system as determined by the 
channel width available. 

Whilst it is true that both these factors 
affect the maximum attainable picture quality, 
experiments have shown that increase of 
band even up to 3 megacycles gives a contin- 
uous and worthwhile improvement in sub- 
jective picture quality. 

The London Television Station is claimed 
to have an overall frequency characteristic, 
under the best working conditions, substan- 
tially level up to 2-7 megacycles, and only 
dropping slightly at 3 megacycles. Whilst, 
at present, this quality can no doubt not always 
be maintained, particularly under difficult 
conditions of camera operation, it can be 
assumed that the transmission quality at all 
times will eventually be raised to the present 
maximum. 

It was therefore considered desirable to 
provide a bandwidth of 2-7 to 2-8 megacycles 
in the video stage and about 5-5 megacycles 
in the vision I.F. stages. The availability of 
Z77 miniature H.F. pentodes, of high mutual 
conductance to capacity ratio, made the use 
of such a bandwidth feasible both as a tech- 
nical and economic proposition. The vision 
channel of the new table model receiver and 
the spot size on the associated cathode ray 
tube were designed to meet the specification. 


PICTURE BRIGHTNESS AND TINT. 

One of the main difficulties encountered in 
home receiver design arises from the con- 
ditions of operation, in that the quality of the 
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picture as far as its gradation of tone ranges 
is concerned, is largely dependent on the 
external illumination on the viewing screen, 
since the latter has a very appreciable re- 
flection factor. 

The conditions of low incident illumination 
normally existing in the cinema, or even the 
home cinema, are such as to give the easiest 
solution to this problem since the maximum 
brightness of high lights required to give a 
picture of adequate contrast range is relatively 
low. These conditions are, however, not 
generally acceptable in the case of the tele- 
vision receiver where the use of the room for 
other purposes than television and the need for 
reception of programmes, particularly of the 
outside broadcast type, during daylight 
necessitate a very much higher level of incident 
illumination. On the other hand, brightness 
variations occurring in the same room between 
natural and artificial lighting conditions, or 
between different parts of the same room, 
are extremely large, often of the order of 100 
to 1, or even 1,000 to 1, and it is not economic 
to try to meet all such conditions. It is 
therefore necessary to choose some com- 
promise which satisfies adequately the viewer 
and at the same time enables an economic 
receiver and cathode ray tube design to be 
used. A suitable compromise was considered 
to be given by a picture that could be viewed 
in a room with normal artificial lighting, 
if direct illumination of the screen by the 
room lighting were avoided. 

A high light brightness of not less than 15 
e.f.c. (effective foot candles) was considered 
adequate in the design of the new table model 
receiver to meet this requirement. At the 
same time, it has to be realized that, in general, 
pictures of better contrast range will be 
obtained by the use of the minimum external 
illumination. 

The apparent “colour” or “tint” of the 
cathode ray tube screen is also governed to a 
large extent by the conditions of external 
illumination, due to the colour adaptation and 
fatigue of the eye. Thus the same screen 
will appear of different colour depending on 
whether the picture is viewed in daylight or 
under artificial illumination and even on the 
general colour scheme of the room in which 
the set is used. With very little external 
illumination the eye will, however, adapt 
itself to the screen tint if this is “‘near white” 
and the effect of small departures from “‘white” 
is not significant. It is therefore not possible 
to define what is meant by pure “white” in 
terms of the viewed picture. Several of the 
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available fluorescent powder mixtures give 
close approximations to white, and of these it 
is considered that the type in which the 
“off-white” balance is in the direction of blue 
is the most satisfactory. This is a matter, 
however, which is always likely to be deter- 
mined by personal preference. 


SIMPLICITY OF OPERATION. 


From the point of view of the average user 
an important requirement in television receiver 
design is that it should be simple to operate, 
no more difficult, in fact, than a normal radio set. 

In the past, receivers have been open to 
criticism in this respect both as regards the 
stability of the circuits used and, as a result, 
the number of controls that needed to be 
adjusted by the user. ‘This criticism applies 
particularly to those controls which are 
peculiar to television and whose optimum 
settings are not always easily apparent to the 
non-technical user. On the other hand the 
large number of factors affecting the quality 
of the resultant picture necessitates a relatively 
large number of controls, which can be of a 
preset type, for initial setting up of the circuits. 
Again, in the past, such controls have not al- 
ways been sufficiently accessible from a 
position in which the picture can be easily 
viewed. 

Attempts have been made in the design of 
the new table model receiver to overcome both 
these defects. In the first place, by the use of 
circuits of increased stability, particularly the 
scanning waveform generators, it has been 
possible to remove all but two controls, picture 
brightness and focus, from the front of the 
receiver. Secondly, all preset controls need- 
ing a view of the picture during adjustment 
are readily accessible frgm the front of the 
receiver. Within the normal service area of 
the London Station, where long period fading 
of the signal is in general negligible, only the 
two front controls need to be operated by the 
user. 

Whilst the ultimate aim in simplicity of 
control should no doubt be a simple switch 
operation, with a single adjustment on the 
picture to allow for the different conditions of 
viewing, such simplicity is not yet available 
with present techniques. It is felt, however, 
that a close approach to it has been made. 


INTERFERENCE AND BACKGROUND NOISE. 


The most serious form of interference with 
which television reception has to deal is that 
arising from motor car ignition systems. 
Such interference is naturally most serious 
near to the edge of the service area, where the 
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signal strength is low, but is appreciable in its 
effect both on picture and sound over a con- 
siderable proportion of the whole service area. 
The frequency spectrum of this interference is 
very broad with, unfortunately, a maximum 
in the region of 50 megacycles. Whilst efforts 
are being made to reduce this trouble at the 
source by the introduction of suppressor 
resistances On ignition systems a considerable 
time must elapse before such means could be 
universally adopted. In the meantime, 
appreciable reduction of the effect of this inter- 
ference can be made by suitable limiter 
circuits. 

On the picture such interference, which is 
in the form of pulses of the order of half a 
microsecond duration, can be appreciably 
reduced in effect by the use of a simple diode 
limiter circuit. Under conditions of severe 
interference, the interference peaks are con- 
siderably greater than the picture signal 
and produce serious defocusing of the cathode 
ray tube spot. It is therefore possible by the 
use of a simple limiter circuit, restricting the 
height of the peak to the peak white on the 
picture, to obtain a considerable improvement 
in the subjective disturbing effect, provided 
the interference does not upset the locking of 
the picture. Further improvement can be 
made by inversion of peaks rising above peak 
white on the picture giving a percentage 
cancellation of the interference spots. The 
relative improvement obtainable with this 
type of circuit was, however, not considered 
sufficient in view of the extra cost and a 
simple diode circuit was used in the new table 
model receiver. 

On the sound channel ignition interference 
can be more disturbing than on vision and in 
bad cases the sound can be completely masked. 
In this case several types of limiting circuit 
are available. Of these, the modulation 
following type, originally developed by the 
Murphy Radio Co. was considered to be the 
most satisfactory and was adopted for the 
present receiver. The degree of interference 
limitation will depend on the conditions of 
operation but an effective improvement of 
signal to interference ratio up to 10 to 1 is 
obtainable, although the average figure is 
probably about 5 to 1. 

In the absence of interference the lower 
limit of signal for satisfactory operation is 
determined by the thermal noise in the input 
circuit and shot noise of the first valve, pro- 
vided the gain of the first stage is sufficient 
to render the noise from the second stage 
ineffective. A first valve with a high ratio of 
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mutual conductance to anode current is used 
in the new table model to keep the shot noise 
as low as possible. As a result, background 
noise is only detectable on the picture for 
signals below about 150 microvolts. 


135 Mc 








a . | i 63 $C RONISIN x L. 
nr . Z77 KT42 


2mm SF “a 
— T 





RS ANNING 
RATOR 





FRA, 
GENERATOR 








Ww 8) ~ Tn Et + T SUPPL 7 
290V AND 340v 5000'v 533 








wo} fal EL fr} 


COMMON 5 $n UN 0 
mi x EP TELEVISION DETECT OR FERN ; 
AND RADI ini TER 

. 





AMPLIFIER 
(10Mec & 456K. 


Fig. 1.-Schematic diagram of the new table model receiver. 


PICTURE SIZE AND CABINET DESIGN. 

The size of the picture necessary for home 
television receivers has always been one of the 
most discussed problems in television recep- 
tion and one that is most open to the effect of 
subjective influences. 

In the absence of external illumination of 
objects surrounding the picture the apparent 
picture size is dependent almost entirely on 
the angle it subtends at the eye. Under these 
conditions a picture of 5 inches by 4 inches 
viewed at 3 feet is equivalent to a picture 
50 inches by 40 inches viewed at 30 feet. In 
practice there is a detectable difference, 
particularly for the smaller picture sizes, on 
account of the need to focus the eyes to 
shorter range and the associated distance dis- 
crimination by virtue of perspective. With 
the addition of external illumination a further 
aid to judging the actual size of the picture is 
provided by comparison with surrounding 
objects. All these effects are normally present 
when viewing television pictures and tend to 
promote a general preference for larger 
pictures. It has to be remembered, however, 
that under conditions of appreciable room 
illumination, movements within the picture 


are necessarily seen against the background of 


the room. With any reasonable size of picture 
the subconscious reference of the movements 
to the background inevitably reminds one that 
the picture is small compared with real life. 
The angle of view subtended at the eye for 
the majority of pictures, such as those seen in 
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papers, magazines, etc., and even cinema 
pictures, is rarely above about 12° for normal 
viewing conditions, and 8°—10° is usually 
quite satisfactory. The only real advantages 
to be obtained from larger pictures are, there- 
fore, that the picture can be seen by 
a larger number of people and that 
it can be viewed satisfactorily at a 
distance where the focus of the eyes 
is near to infinity. This, in the 
majority of cases, is the relaxed 
condition. 

The first factor is probably not 
very appreciable for the majority 
of picture sizes that need to be 
considered although it is significant 
for the smallest sizes of tube that 
were tried before the war. Public 
reaction to the range of picture 
sizes that had been available up to 
that time, and this represented a 
range of cathode ray tube size 
from about 5 ins. to 16 ins., in- 
dicated that the sizes of tube of 7 ins. 
and below were not really adequate. 

Considerations of economy encourage the 
use of smaller tubes, but it is not at 
the moment possible to do full justice 
to the quality of the transmission system 
with tubes smaller than 9 ins. in diameter. 
On the other hand for sizes of tube above 


ME SCANNING 


Sn at a 


—, 
— 
vee 
- 
ma 
ad 
a 
= 





Fig. 2.— The new table model receiver. 


9 ins. the total receiver cost increases fairly 
rapidly due both to the inherent cost of the 
tube itself, its effect on cabinet size and cost, 
and also its effect on some of the associated 
driving circuits, in particular scanning gener- 
ators and E.H.T. supplies. 























he 
st, 
= 




















=” J 





From a consideration of all these factors, 
it was decided that the most suitable size 
of tube for a television receiver of the 
widest appeal was about 9 ins. This size 
of tube permits the use of a table model 
cabinet with its attendant compactness. At 
the same time it can have a considerably 
flatter screen with resultant increase in 





Fig. 3.—Chassis layout and cathode ray tube mounting. 


angle of view, lessening of optical distortion 
due to screen curvature, and general improve- 
ment of pictorial appearance. Both the 
cabinet and cathode ray tube design will 
be dealt with more fully in the following 
sections. 

It was also considered desirable, in view 
of the relative scarcity of radio receivers during 
the preceding 6 years and the future need for 
an instrument providing all forms of home 
radio-borne entertainment, to incorporate all 
wave radio in the same receiver. Such an 
arrangement in a compact receiver, whilst 
presenting considerable technical difficulties 
both in construction and circuit design, can 
be made relatively economic compared with the 
corresponding separate television and radio 
receivers. 


3. THE NEW TABLE MODEL RECEIVER. 
GENERAL DESIGN. 

The new table model receiver is of the 
superheterodyne type using common ampli- 
fication at radio frequency for vision and sound 
in preamplifier and mixer stages as shown in 
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the schematic circuit diagram in fig. 1. Whilst 
the merits of superheterodyne versus direct 
radio amplification are fairly equally balanced 
for a receiver designed to operate on a single 
fixed television channel, it was decided that 
the early possibility of further, provincial, 
stations favoured the use of the superhetero- 
dyne type in view of the greater ease of modi- 
fication to suit new channel frequencies. 

Beyond the mixer stage the vision and 
sound channels divide to their respective 
intermediate frequencies amplifiers at 13-5 and 
10 megacycles. ‘Two further stages of vision 
I.F. amplification are followed by a diode 
second detector and video frequency output 
stage feeding the cathode ray tube and syn- 
chronising signal separator. 

The sound channel consists of two L.F. 
amplifier stages followed by a double diode 
triode detector amplifier and the modulation 
following type interference limiter feeding the 
output valve. 

The broadcast radio frequency channel 
feeds into the second I.F. valve of the sound 
channel and subsequent circuits are common 
to both broadcast and television sound. 

All change-over switching is provided by 
push buttons and gives the following facilities: 


(a) Television—(vision and sound). 
(b) Television—({sound only). 
(c) Gramophone Pickup. 


(d) Long Wave Broadcast (1,000—2,000 
metres). 


(e) Medium Wave Broadcast 
metres). 


(f) Short Wave Broadcast (16—50 metres). 


(J00—5 50) 


Advantage is taken wherever possible of new 
valve designs using pressed glass base tech- 
nique, and miniature construction, to obtain 
improved high frequency performance, com- 
pact circuit design with closer tolerances, and 
also with a view to standardisation as far as 
possible for future receivers. 


MECHANICAL CONSTRUCTION AND LAYOUT. 

From the point of view of appearance of a 
table model receiver it was felt that a cabinet 
with a small height to width ratio was desirable, 
and at the same time, if it were economically 
feasible, a symmetrical layout should be 
employed. The desired arrangement was ob- 
tained as seen in fig. 2 by the use of rounded 
louvres on either side of the picture mask, 
covering on the one side, the loudspeaker, 
and on the other the television preset control 
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panel. The latter can be seen on the left in 
fig. 3. 

This arrangement necessitated a departure 
from the more conventional single rectangular 
chassis and it was found that the maximum 
flexibility was achieved by the use of three 
chassis. In the present receiver these three 
chassis are bolted together to form a single 
unit. (See fig. 3). The central unit carries 
all the signal channel circuits including the 
scanning generators and the mounting for 
the cathode ray tube, and on either side lie 
the two power units. This form of con- 
struction has considerable advantages in pro- 
duction since the three units can be constructed 
and tested individually before assembly 
together. At the same time it provides 
greater ease of handling during these pro- 
cesses. In addition, the two power units can 
be combined into a single unit, separate from 
the signal unit, and are then suitable for 
mounting below the latter, into a small console 
form of cabinet. In the same way the three 
chassis can be utilised with circuit and com- 
ponent modifications, for which provision has 
been made, in larger receivers using cathode 
ray tubes of sizes up to about 14 inches. 

The permanent magnet loudspeaker does 
not appear in fig. 3 since it is mounted on an 
inclined panel fixed to the cabinet behind the 
left hand set of louvres. An angle of inclin- 
ation of 45° is used and this is made possible, 
with a satisfactory audio response distribution, 
by the use of a wide-angled speaker. 

The television preset controls are mounted 
in the corresponding position on the right 
hand side of the set and are accessible through 
the gaps in the louvres. They can thus easily 
be adjusted with a good view of the picture. 

The picture is framed by a rubber edged 
metal mask mounted on the central chassis. 
‘The mask carries sponge rubber pads which 
form the front support for the cathode ray 
tube. ‘The edges of the mask are sloped and 
the cabinet aperture made large in order to 
give a wide angle of view in both the horizontal 
and vertical planes, with the result that about 

45° 1s obtainable without cut off. The 
aperture is extended below the picture to 
include the radio indicator scale and is covered 
by a toughened glass screen to protect the 
tube front from accidental damage and to 
protect the viewer in the rare event of cathode 
ray tube implosion. 

The scale is printed on an edgelit ““Perspex”’ 
sheet and, to avoid disturbance in viewing the 
picture, is illuminated on radio and gramo- 
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phone-pickup switch positions only. The 
scale and press button assembly below it, 
together with the normal operating controls, 
are also mounted on the central chassis. 





Fig. 4..-The new table model receiver. Special back panel 


Three front controls only: picture bright- 
ness, picture focus and sound volume, are 
available on television, with a further control, 
for tuning, on radio. The same sound volume 
control is used in both cases. In addition, 
two further knob controls, picture contrast 
and tone control, are made readily available at 
the rear of the cabinet on the right hand side 
(see fig. 3). These project through the back 
cover of the cabinet and are mounted on a 
plate set at an angle thus reducing the liability 
to damage normally associated with exposed 
side controls. 

The overall front to back depth of the 
cabinet is controlled by the length of the 
cathode ray tube which has been made as small 
as possible by the use of a wide scanning 
angle. Nevertheless in order to provide a 
cabinet of pleasing dimension ratios a chamfer- 
ed form of back cover is used as shown in 
fig. 4. A serious problem in the design of a 
compact television receiver is the provision of 
sufficient cooling, and a further advantage of 
the type of back cover is the improved venti- 
lation obtained. The bottom of the receiver 
is covered by a removable perforated screen 
providing air inlet for ventilation and giving 
access to all under chassis components, apart 
from the high voltage condensers, for servicing. 

The need for switching to different facilities 
requires the use of two supply transformers. 
This arrangement has the advantage, however, 
that by correct positioning of these on either 
side of the cathode ray tube a substantial 
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degree of cancellation of their external field 
can be achieved over the cathode ray tube 
space with consequent reduction of hum 
distortion on the picture. 


The eight preset controls behind the right 
hand louvres are arranged in two vertical 
rows corresponding to hold, amplitude, form, 
and shift for the two directions of scan. Two 
further controls, for overall sensitivity and the 
interference limiter setting, are mounted on 
the central chassis and only require setting 
when the receiver is installed or, in the latter 
case, during factory testing. An additional 
plug type step R.F. attenuator in the input 





Fig. 5.—Moulded 9 inch cathode ray tube and earlier blown type. 


lead extends the range of the sensitivity control 
to cover a wide range of signal strengths and 
caters for input signal levels up to about 50 
millivolts. 


CATHODE RAY TUBE. e 

The 9 inch Type 6501 cathode ray tube 
employed was developed for this receiver and 
is of the magnetically focused and magnetically 
deflected type using a simple triode electron 
gun. It is designed to operate with a wide 
deflection angle, of about 54°, and with wide 
beam angle in order to achieve a short length 
and give high electron optical efficiency. As 
a result a minimum picture brightness in the 
highlights of 15 e.f.c. is obtained with the 
relatively low final anode voltage of 5,000 
volts. The tube is designed to operate with a 
modulator drive of 25 volts for peak white 
signal. 

By the use of glass moulding technique 
a substantially flat end to the tube has been 
produced. This can be clearly seen in the 
comparison with the blown type in fig. 5. 
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The actual radius of curvature of the screen is 
about 40 inches. A very considerable improve- 
ment in the appearance of the picture is thereby 
obtained, together with a wide angle of view. 
The useful picture area available is not limited 
by bulb curvature at the edge of the screen, 
and by the use of a mask with slight side 
curvature, a picture size of about 8 ins. by 
62 ins. is obtainable. The tube is fitted with a 
standard octal base cap for the modulator, 
heater, and cathode supplies and with a 
flush type clip fastener in the side of the bulb 
for the high voltage connection. 


DEFLECTION, FOCUSING AND SHIFT UNIT. 


A separate yoke is provided for 
magnetic shift of the picture and this, 
together with the deflection and 
focusing coils, is built as a single 
unit forming the support for the neck 
of the cathode ray tube. A view of 
this complete assembly from the 
front end is shown in fig. 6. The 
whole unit is mounted from two side 
bolts, one of which is seen in the 
picture, in a slotted Y-shaped stirrup 
fixed to the chassis and is adjustable 
axially to allow for cathode ray tube 
and chassis constructional tolerances. 

The near end square yoke in fig. 6 
carries the shift coils which provide 
substantially uniform fields at right 
angles over the area traversed by 
the beam. The deflector coils, seen 
behind this yoke, are of the low im- 
pedance type for both directions of deflection 
and are fed from transformers in the scanning 
generator circuits. ‘These coils are supported 
coaxially with the main sheet steel housing 





Fig. 6.—Defiection focus and shift coil assembly. 
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which also carries at the rear end the electro- 
magnetic focus system. The coils can be 
rotated through a limited angle, to allow 
correct lining up of the axes of the picture 
with the tube mask, by means of the small lever 
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a more exact match than the usual 75 ohm 
cable to the average dipole, or dipole and 
reflector, aerial with which the set would 
normally be used. It has the additional 
advantage of providing a more mechanically 

robust inner conductor in the new 
+*HT 
small diameter. 

As shown in fig. 7 the aerial 
input is fed through the step atten- 
uator previously mentioned to a 
band pass filter with an impedance 
step-up to the grid of the R.F. valve 
V, (Z77). The anode of this valve 
is also coupled by a band pass 
filter to the mixer stage, in this 
case with approximately unity 
impedance ratio. 
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Fig. 7._-Radio frequency and mixer stages. 


projecting through the top of the main hous- 
ing. Behind the focus coil phosphor bronze 
springs centre the neck of the tube within the 
system 


CIRCUIT DETAILS. 
Aerial Input and R.F. Amplifier Circuit. 

The receiver is designed to operate with a 
coaxial input feeder of about 60 ohms imped- 
ance. his impedance was chosen to provide 
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The overall characteristic of these 
two stages is designed to cover both 
the vision and sound _ channel 
frequencies, and has a band width 
of about 6-3 megacycles at 2 db 
down from midband gain. The 
voltage gain from the grid of V; to 
the mixer grid is about 13 to 1 and 
sufficient to make the contribution 
of the mixer valve to noise level negligible. 


Mixer Stage. 

The mixer V> is a high slope pentode 
(Z77) with local oscillator and input signals 
both applied to its control grid. This arrange- 
ment provides a very high conversion con- 
ductance compared with standard heptode or 
hexode mixer since about 4 of the normal 
mutual conductance is obtained. For the 
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rig. 5.—Vision Channel. 
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Zi/7 this is equivalent to about 2-5 mA per 
volt. 

The separate oscillator V,; (L603) operates at 
31-5 megacycles and is loosely coupled to the 
mixer grid by a single turn coil. A Hartley 
type oscillator circuit is used and gives a 
stability which, combined with the relatively 
wide sound channel, enables preset tuning to 
be used. 

The output from the mixer circuit provides 
the branch between the vision and sound 
channels. Its anode load consists of a band 
pass filter of 13-5 megacycles midband and 
5-5 megacycles bandwidth, feeding the 
following vision I.F. stages, to which is 
coupled a trap circuit tuned to the sound 
channel intermediate frequency of 10 
megacycles, to avoid cross modulation of 
vision signals by the sound channel carrier. 
This trap circuit also provides the coupling 
to the first sound I.F. valve V)>. 


Vision Channel. 


The following vision channel consists of two 
I.F. amplifiers V3; and V, (Z77’s), a diode 
second detector V; (D.1) and output stage 
V. (Z77) feeding the cathode ray tube and 
synchronising signal separator V7 (Z77). This 
circuit is shown in fig. 8.* 

A combination of bandpass and single tuned 
circuit coupling is used in the I.F. stages to 
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* In some cases the circuit diagrams have been slightly 
simplified, ind switching omitted, for clarity. 
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enable greater flatness of overall characteristic, 
by compensation, to be obtained. 

The vision I.F. filters are resistance capacity 
coupled to avoid high voltage between the 
windings which are closely spaced for high 
coupling. Whilst this gives a very slight 
reduction of gain compared with the more 
conventional direct coupled types the ad- 
vantage in producing coils of small physical 
size was considered to outweigh this slight 
disadvantage. ‘The coils are accurately wound 
on small diameter formers and adjusted for 
inductance by turn spacing. 

Control of the signal amplitude is obtained 
by variation of the gain of the first of these two 
I.F. valves. With the arrangement used 
compensation of the valve input capacity 
variation, which would otherwise affect the 
characteristic of the associated grid filter, is 
obtained by simultaneous variation of the 
control grid and suppressor potentials with 
respect to cathode. 

The frequency characteristic of the LF. 
circuits is shown in fig. 9(b) and the overall 
characteristic from the aerial input to the 
signal detector in fig. 9(@). An _ overall 
attentuation of about 35 db at the sound 
channel frequency is obtained. 

A further trap circuit, to reduce cross 
modulation from the sound channel is included 
in the cathode circuit of the last I.F. valve 
providing degeneration at the sound channel 
frequency. 
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Fig 9.— Vision channel characteristics of the new table model receiver. 
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The diode second detector is D.C. con- 
nected to the output valve through a “dead- 
end” type filter and the output valve is simi- 
larly connected to the cathode ray tube. 
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Fig. 10._-Average frequency characteristic of vision 
stage (from detector to C.R.T. cathode). 


capacities along the filter chain in this way the 
maximum gain and bandwidth are obtained. 
The frequency characteristic of the com- 
bined diode coupling and output stage is 
shown in fig. 10. 

The overall effect of these circuits and the 
I.F. filters gives a video response up to 2-8 
megacycles, where the gain was dropped by 
about 6 db. 

The output valve is arranged to give a 
negative picture signal and thus drives the 
cathode of the viewing tube. Mean picture 
brightness is determined by a potentiometer 
across the H.T. supply controlling the modu- 
lator potential. ‘The use of a negative output 
signal enables the form of synchronising 
signal separator to be used in which D.C. 
restoration from the bottom of the synchron- 
ising impulses is obtained. 
separator has been found most satisfactory 


both as regards its freedom from the effects of 


break through of picture modulation and its 
operation over a large range of signal ampli- 
tudes. A Z77 valve is used for this purpose 
with its grid base restricted by the use of 
low screen voltage. 

On the other hand the output stage tends to 
have a “gamma” slightly greater than unity 
and therefore increases the “gamma” already 
present in the cathode ray tube characteristic. 
The effect, however, is very small as shown by 
the overall input/output characteristic in 
fig. 11. An increase above unity ““gamma’”’ is, 
it is generally agreed, desirable both to 
compensate for the absence of colour rendering, 
as experienced in cinematograph work, and 
further to compensate for the reduction of 
definition, from the maximum attainable 


photographically, inherent in the television 
system. 
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The actual choice of most suitable ““gamma,”’ 
or shape of contrast characteristic, is to a 
large extent a matter of personal preference 
and is dependent also on the subject matter 
of the picture. 


Defiection Circuits. 


Horizontal and vertical deflection circuits 
are basically both of the same type and are 
shown in fig. 12. They are two valve circuits 
employing hard valves with positive feedback 
from the output of the second valve to the 
input of the first. In each case the first 
valve V>; or V2; (L63) acts as a switch dis- 
charging a condenser which is charged from 
the H.T. supply line through a high resistance. 
The output valves V2» and V2 (KIT45 and 
KT81) are coupled through step down trans- 
formers to low impedance scanning coils. 
The arrangement gives good frequency stab- 
ility and high inertia with the result that 
there is very little tendency to trigger from 
random interference impulses. 
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Fig. 11.—Input output characteristic of 
vision frequency stage. 


Control of the output amplitude is obtained 
in both cases by variable negative feedback 
resistances in the cathode circuits of the out- 
put valves. ‘The horizontal scan is adjusted 
for linearity by a resistance-capacity “form 
control” circuit across the scanning coils and 
the vertical scan by alteration of the working 
point on the output valve characteristic. 

In the case of the horizontal scanning 
generator, synchronising signals from the amp- 
litude separator are injected into the secondary 
circuit of the output transformer by means 
of a separate valve V2. This valve serves 
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three purposes, in avoiding feedback of the 
time base impulses to the separator circuit, 
reversing the sign of the synchronising im- 
pulse to that required, and maintaining good 
synchronisation even on weak signals by 





TELEVISION RECEIVER DESIGN 211 


(W81) and from there to a circuit that is com- 
mon to the radio and television sound signals. 
This is shown in fig. 13, and consists of a 
further I.F. amplifier V;; (W81), a double 
diode triode detector amplifier V;, (DL82), 
an interference limiter cir- 
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Fig. 12.—Scanning generator circuits. 


virtue of its amplification. In the case of the 
frame generator similar results are obtained 
by the use of a tuned coupling transformer. 


Picture Focus and Shift Systems. 


The focus and shift coils shown in fig. 6 
are connected in series with the positive and 
negative H.T. supply line to the receiver. 
Current control in the case of focus is obtained 
by a simple shunt resistance circuit and in the 
case of shift, where both positive and negative 
values of current are required, by a resistance 
bridge circuit. 


Television and Radio Sound Channels. 


Following the television mixer the sound 
signal is fed to the first sound I.F. valve V2 


TO tst. SOUND 


amplifier, V,;, of the tele- 

vision channel. ‘This valve 
has series connected I.F. filters in both its 
grid and anode circuits, tuned to 10 mega- 
cycles and 456 kilocycles respectively. 


The I.F. characteristic of the television sound 
channel is shown in fig. 14(a). A wide band- 
width is used in order to permit preset tuning 
on television and efficient operation of the 
following interference limiter. On the other 
hand it is narrow enough to avoid cross- 
modulation from picture channel information. 
It also imposes no limitation of the audio 
quality. 


The overall audio characteristics on tele- 
vision and radio are shown in figs. 14(b) and 
14(c), respectively. 
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Interference Limiting Circuits. 


As has been mentioned, the limitation of the 
effect of ignition interference, which takes the 
form of short duration pulses of energy both 
on sound and on vision, is of great import- 
ance in television reception. 
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Fig. 14.—Characteristics of sound 
channel. 


(a) Overall gy ne of television 
sound I.F. nnel (from grid 
of television mixer to signal 
diode load). 


(b) Overall audio response on 
television. 


(c) Overall audio 
radio. 


response on 


! 


On the vision signal a substantial 


RELATIVE GAIN —db 


improvement can be obtained by : 


the use of a simple diode circuit 
limiting the interference to the 
peak white picture signal on the 
cathode ray tube. 
this diode, V;3 in fig. 8, 1s con- 
nected, effectively, to the cathode 
of the cathode ray tube and is biased by means 
of a potentiometer to conduct just above peak 
white on the picture. 

On the sound signal an improvement in 
interference level of 5 or 10 to 1 is obtained 


by use of the modulation following type of 


limiter and by taking advantage of the large 
bandwidth possible above that necessary to 
transmit the audio sideband modulation. 
The circuit is shown in fig. 13 and consists 
of a diode V;7 fed with the audio signal on 
its anode and with the same signal, by a 
cathode follower V;g and delay network, on 
its cathode. The delay network provides a 
delay approximately equal to the maximum 
width of interference pulses with which the 
circuit has to deal, with the result that such 
pulses appear with a time displacement 
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between them on the cathode and anode of 
Vi7, and are thus limited by the diode becom- 
ing conducting. The pulses are kept as 
sharp as possible, by the use of relatively 
wideband circuits up to the output of the 
limiter, so that efficient removal of the major 
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part of their energy is obtained by the diode 
limiting action. For the required frequencies 
in the audio range, bias on the diode is so 
arranged that the small phase displacement 
introduced by the delay network is in- 
sufficient to cause the diode to conduct. 

For random pulse interference of relatively 
short duration, such as given by ignition 
systems, this type of circuit gives an improve- 
ment substantially the same as that obtained 
with high fidelity frequency modulation. 


Power Supplies. 

Two H.T. supply line voltages are provided 
for the receiver, one at about 340 volts 80 mA 
for time base circuits, and the other at about 
290 volts 140 mA, for the signal circuits. 
The former uses a condenser input filter 


— 








circuit and the latter choke input. Two 
rectifiers (MU14) fed from separate secondary 
tappings on the same transformer are used to 
obtain these two supplies. This general 
arrangement has the advantage of economising 
in total wattage dissipation and to some 
extent in circuit components, and also facili- 
tates switching between television and radio. 


In addition, the anode voltage (+5,000V) 
for the cathode ray tube is obtained from a 
U33 high voltage rectifier and a separate 
transformer. ‘This is followed by a reservoir 
condenser and a stage of resistance capacity 
smoothing. 


The degree of smoothing on all circuits 
affecting the picture is made high in order to 
obtain satisfactory operation on transmissions 
not synchronised to the mains. These still 
have to be resorted to at present under diffi- 
cult conditions either of mains frequency 
variation or outside-broadcast operation from 
local generators. 


Additional resistance capacity smoothing is 
also provided between the sound output valve 
and other circuits to avoid low frequency 
modulation of the picture by audio frequency 
signal components. 


SUMMARY OF TELEVISION CHARACTERISTICS OF 
THE NEW TABLE MODEL RECEIVER. 
Vision :-— 
Effective video response—zero to 2-8 
megacycles. 
Average sensitivity : 
(a) for full picture modulation—80 micro- 
volts. 
(6) for satisfactory synchronisation—30 
microvolts. 
I.F. midband frequency—13-5 megacycles. 


Cathode Ray Tube :— 
Type 6501—9 inch diameter, flat screen. 
Picture size—8 ins. x 6# ins. 
Picture brightness—15 e.f.c. (minimum). 
Anode voltage—5,000 volts. 
Modulator range—25 volts. 
Focus—Magnetic. 
Deflection— Magnetic. 
Deflection angle—-54° (total). 
Overall length-—14} inches (average). 
Sound :— 
Effective audio response (at-10 db)—50- 
9,000 cycles per sec. 
Average sensitivity (for 50 milliwatts output 
at 30 per cent modulation)}—4 microvolts. 
Combined R.F. and I.F. bandwidth—240 
kilocycles. 
1.F. midband frequency—10 megacycles. 
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General :— 
Overall dimensions (including projection of 
cathode ray tube)}—Height, 16 inches; 
Breadth, 25 inches ; Depth, 16 inches. 
Weight—about 70 lbs. 
Total number of valves—24. 
Power consumption (200-250 volts A.C.). 
On Television—220 watts. 
On Television sound only or radio—100 
watts. 


PERFORMANCE. 


The receiver has been tested at a large 
number of localities both inside and outside 
the normal service area of the London Tele- 
vision Station, and found to show a very 
appreciable improvement both in picture 
quality and stability of operation over prewar 
designs. 

Synchronisation of the picture was quite 
satisfactory even at very low signal levels 
where the picture was rendered unusable 
either due to insufficient depth of modulation, 
background noise, or ignition interference. 

In the absence of ignition interference, and 
this for distant locations would normally 
imply sites not less than about 200 yards from 
a road carrying heavy traffic, the limit of 
usefulness of the receiver is determined by 
the effect of background noise on the picture 
quality. Under these conditions uniform 
picture quality was obtainable down to a signal 
strength of about 200 microvolts per metre. 
Apart from small local areas of poor signal 
strength this order of signal strength is 
available up to about 40 miles from the London 
station with an aerial height of about 25—30 
ft. Beyond this distance the signal strength 
becomes much more dependent on topo- 
graphical obstructions. 

Between 200 microvolts and 100 microvolts 
the background noise due to the receiver 
becomes detectable but even at 100 micro- 
volts the picture is still quite satisfactory. 
At 50 miucrovolts the background noise is 
quite appreciable and the picture must be 
considered to be at the border line of satis- 
factory entertainment. 

The effect of background noise interference 
on sound is in general somewhat less than on 
the picture so that the latter will normally 
determine the acceptability of the receiver in 
any particular locality. 

The presence of ignition interference may, 
in spite of the precautions taken to reduce its 
effect, cause a considerable increase in the 
signal strength required for satisfactory re- 
ception. The extent of the increase is largely 
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dependent on the particular site and directivity 
of the associated aerial system, and is therefore 
difficult to assess without reference to the 
particular installation. In many localities also 
the effect can be very serious during the day 
when traffic on nearby roads is normally 
heavy but at night may have negligible inter- 
ference value. 


4. CONCLUSIONS AND FUTURE TRENDS. 


The design of a television set owing to its 
inherent complexity is necessarily very closely 
related to the possibilities of economic pro- 
duction. The most suitable design at any 
time is determined by the techniques available, 
the public requirements, and the economic 
production factors. 

A summary has been given of some of these 
conflicting factors and how they have affected 
the design of a particular receiver. Whilst 
this design is considered to represent a satis- 
factory balance of such factors in providing a 
television receiver of the most general utility 
it is to be expected that a simular balance 
arrived at at a later date would lead to a 
somewhat modified result. 

It is unlikely, however, that there will be 
any sudden major change in general receiver 
design but rather a gradual development 
towards a higher proportion of somewhat 
larger picture sizes, firstly using directly 
viewed tubes as in the present receiver, and 
ultimately projection tube technique. 

With the imminence of the opening of a 
further television station at Birmingham, to 
be followed by others covering the greater part 
of the country, a future problem in receiver 
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design will be the operation at a number of 
different radio frequencies. 

Since, however, the service range of stations 
at the frequencies employed will be limited 
to distances not much greater than the optical 
line of sight, efficient coverage will only be 
obtained by butting together adjacent service 
areas without significant overlap, with the 
result that receiver designs, whilst needing 
to cover the range of frequencies in use, 
probably need only be preset to the appro- 
priate locality. This assumes that the 
alternative stations are not used at each site, 
and this appears unlikely for some considerable 
time to come. 

One of the most serious embarrassments to 
television reception in the frequency ranges at 
present contemplated, and probably in any 
future higher frequency ranges, is the 
presence of car ignition interference. ‘This is 
accentuated by the fact that television stations, 
with their limited range, must be sited so as to 
cover areas of relatively dense population and 
as a result relatively heavy road traffic. Whilst 
a Significant increase in immunity from this 
interference has been achieved by receiver 
design it is unlikely that very much further 
improvementcan be obtained by similar means. 

It is therefore highly desirable that such 
interference should be reduced at the source. 
The necessary suppression of interference 
from all military vehicles during the war has 
indicated what can be done by relatively 
simple means and it is to be hoped that 
similar measures may be taken in the near 
future on all types of commercial and private 
vehicles. 
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INTRODUCTORY. 

LECTRIC drive for rolling mills is 
finding increasing favour by reason 
of the absolute reliability attainable in 

face of the severest duty, the speed and 
efficiency of operation under all conditions 
of load, and, not least, the simplicity and 
accuracy of automatic control as applied to the 
most complicated sequence of operations. 
The main drive of the mills is, of course, 
of prime importance, the motors being called 
upon for some of the most arduous service 
in the whole field of mechanical engineering. 
It should not be forgotten, however, that 
although the essential process in the pro- 
duction of steel plate and strip is the reduction 
of the metal to the required thickness, the 
rolling mill is entirely dependent for successful 
operation on the auxiliary gear such as screw- 
downs, roller tables, shears, trimmers and the 
like which involve a great number of subsi- 
diary motors of all sizes from 5 h.p. to as 
high as 200 h.p. It is, in fact, not unusual 
to find that the auxiliary drives and their 
control gear cost as much as the main drives. 
Each of the auxiliaries performs some 
essential function in the train of operations 
from billet to finished product, and many 
of them handle the entire output of the mill. 
For this reason the breakdown of even quite 
a small auxiliary motor may interfere with 
production just as seriously as the failure of a 
main drive. Further, as the auxiliary machines 
greatly outnumber the main drives the chance 
of failure is always greatest in the former. 
It should also be realised that the auxiliaries 
play a most important part in speeding up 
the entire process. Since only a fraction of the 
time required for the material to pass through 


the whole series of operations is actually 
spent between the rolls, increased speed of 
handling between rolling passes may have a 
greater overall effect on output than increased 
speed in the actual rolling operations. 

Most rolling mill auxiliaries are, to-day, 
electrically driven. In some cases it is 
possible to use the normal industrial type of 
equipment, but as the majority of drives 
involve special requirements, the motors and 
control gear are usually designed specifically 
for the work. The general aim has been to 
achieve easy, quick, reliable and safe operation 
with as little reliance as possible on the skill 
of the operator. Physical ease of operation 
is obviously desirable so as to avoid fatigue 
and thus maintain efficiency, while rapid 
Starting, retardation and reversal are essential 
to large scale production, besides avoiding 
the cooling of hot metal. The need for 
reliability is self-evident and the importance 
of safety needs no emphasis. 


CHOICE OF AUXILIARY MOTORS. 


The first question to be considered in the 
choice of motors is the relative merits of 
A.C. and D.C. machines. For many purposes 
D.C. motors possess considerable advantages. 
They have better torque-speed characteristics ; 
series or compound windings afford very 
rapid acceleration against several times full 
load torque; the maximum torque is inde- 
pendent of voltage variation; starting losses 
are relatively low and external to the motor; 
and speed variation with full control at low 
speeds is simpler than with A.C. machines. 
On the mechanical side the D.C. armature 
can have a comparatively low inertia, an 
important consideration on severe reversing 
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duties such as the drive of roller tables and 

screw-downs ; alsoa large air-gap is permissible. 

On the other hand, A.C. squirrel cage 
motors are simple and robust and require 
practically no maintenance, having neither 
commutators nor brush gear; motors and 
control gear are both low in cost, and as the 
main incoming supply is nowadays almost 
invariably A.C., they can be connected to the 
line through step-down transformers without 
the use of converting plant. 

As a result of its broad experience in the 
electrification of steelworks plants the G.E.C. 
has adopted a special design of D.C. motor 
for the majority of auxiliary drives which 
has proved highly satisfactory in practice. 
Motors of this type are manufactured from 
5 to 200 h.p. at one hour ratings, the dim- 
ensions being in accordance with the standards 
adopted by the American Association of Iron 
and Steel Engineers. 

The motors are designed for rapid starting, 
stopping and reversal and are of particularly 
heavy construction to withstand the severe 
service demanded of them. 

It may be of interest to summarize briefly 
the main features of these steelworks motors. 

1. Armature of low inertia enabling start- 

ing, stopping and reversal to be per- 
formed in the minimum time. Further 
advantages of low inertia are (a) reduced 
current peaks and energy consumption ; 
(6) a greater percentage of input avail- 
able for useful work; (c) lower operating 
temperatures. 
Shunt field so rated that it can be left 
permanently connected to the supply 
whether the motor is running or not, 
thus ensuring maximum torque at start- 
ing as the field is maintained at full 
strength. 

3. Large air gap and exceptionally high 
overload capacity. 

4. Since torque depends upon armature 
current and flux density, the torque of a 
series, or heavily compounded, motor 
increases more rapidly than the current. 

5. Magnet frame is of cast steel; no cast 
iron is used in the construction. Frame 
is split and except in larger sizes is 
hinged. In all cases the armature can 
be lifted vertically from the shell. 

6. Heavy roller bearings of the cartridge 
type are provided. 

/. Shaft is of ample diameter and machined 
from 3 per cent nickel steel. 

S. ‘Terminals are mounted on a brass plate 
and enclosed by a cast steel box which 
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can be withdrawn without disturbing 
connections. 

9. Insulation is carefully chosen for its 
resistance to electrical, mechanical and 
heat stresses and complies with require- 
ments of British Standard Specifications 
for Class ““B” insulation. 


Control of D.C. Motors. 


In many cases the control of D.C. steel- 
works motors conforms to standard practice. 
Modifications are, however, mecessary in 
certain circumstances, as, for instance, with 
variable speed drives where the wide speed 
range and smooth, rapid and flexible control 
that can be obtained with the Ward-Leonard 
system offer considerable advantages. On 
some of the larger auxiliaries, however, the 
torque is liable to rise unduly high. Not 
only does this put a great strain on gears, 
couplings and shafts but, with the conventional 
Ward-Leonard equipment, results in an 
excessive current flowing between the gener- 
ator and the motors it supplies, leading to 
deterioration of brushgear and commutators. 
Typical examples of this occur, for instance, 
when a shear meets with a section beyond its 
capacity, when a screw-down attempts to 
travel too far or when a side guard or manipu- 
lator jams. In such cases, therefore, the 
G.E.C. makes use of a modified form of 
Ward-Leonard control in which the various 
driving motors are supplied from a three-field 
generator. This method effectively limits 
the torque developed, thus preventing ex- 
cessive armature current even if the driving 
motor is stalled. A further advantage is that 
in the neighbourhood of full load the motor 
runs at twice normal speed—a_ valuable 
feature in the case of screw-downs, tables, 
side guards and shear drives by reason of the 
increased flywheel effect of the armatures. 
Moreover, at starting, the maximum torque 
is developed very quickly thus speeding up 
operations generally with consequent increase 
in production. 

The field windings of the three-field gener- 
ator are all excited independently of one 
another and comprise (a) a separately excited 
shunt winding, the field strength being adjust- 
able by means of a shunt regulator under the 
control of the operator; (6) a self-excited shunt 
winding, the voltage across which is dependent 
upon the armature voltage and over which the 
operator has no direct control; (c) a counter- 
compound or differential series field, the 
strength of which is a function of the armature 
current both under generating and regener- 
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ative conditions. 
the shunt fields. 

The characteristics of these three field 
windings are so proportioned as to cause the 
generator voltage, and hence the speed of the 
motors, to drop very rapidly with increasing 
load so that, at stalling, the current and torque 
are limited to a definite maximum value. 
When the load falls the generator voltage and 
motor speed pick up very rapidly, reaching 
twice their normal value at low torques. 


This field opposes both 


Applications of A.C. Motors. 


A.C. motors can, if required, be used for 
many auxiliary drives and have been found 
particularly suitable for driving run-out tables 
which consist of a large number of live rollers 
m succession. These rollers require a torque 
sufficiently high to bring them up to speed 
in a specified time and the ability to reverse 
satisfactorily up to 720 times an hour. This 
means that the mechanical inertia largely 
governs the electrical losses for a given 





Fig. 1.—-Oscillogram of the three-field generator operating the slabbing mill approach table motor. 


Thus the generator affords inherent pro- 
tection against excessive torque and current 
while permitting high speed running on 
light loads. 

An oscillogram of the three-field generator 
operating the slabbing mill approach table 
motor is reproduced in fig. 1. The controller 
was put straight over into the full speed 
position and it will be seen that the current 
of the separately excited field immediately 
rises to its full value. ‘The top curve shows 
the current peak durifig acceleration; the 
second curve indicates the growth of speed, 
the third curve the growth of the armature 
voltage, and the fourth curve the rise of the 
self-excited field current. 

The usual running time of the table is only 
a few seconds. If the controller is left in the 
full speed position for an appreciable time, a 
voltage relay comes into operation, as shown 
at X, and opens the self-excited field winding 
of the generator, thus limiting the speed to 
slightly under full load speed. 

The oscillogram also shows the reversal 
of the table motors when the controller is 
moved from the full speed position in one 
direction to full speed in the reverse direction. 
It will be seen that the peak value of the 
generator current at Y is approximately 
two-and-a-half times full load current. 


frequency of reversal, while the output of the 
motor depends upon its ability to dissipate 
the heat generated. Further, a range of 
roller-speeds from 100 to 600 r.p.m. is required 
with good speed control available over part 
or all of this range. 

It would be possible to drive groups of 
rollers from relatively large motors through 
shafts and gearing. This arrangement, how- 
ever, has many drawbacks due to possible 
gear trouble, transmission losses, cost of 
maintenance and repair and relatively high 
inertia, to mention but a few. Accordingly, 
modern rolling mull practice has practically 
abandoned group driving*of run-out tables in 
favour of individual motor drive for each 
roller. ‘This arrangement allows of a simpli- 
fied design of the roller tables, and each roller 
with its driving motor forms a self-contained 
unit which can quickly be replaced, if necess- 
sary. Other advantages are low maintenance 
due to absence of gearing and shafting requir- 
ing exact alignment, and fewer shut downs, 
since an individual roller can always be cut 
out without interrupting the operation of the 
roller table. 

Furthermore, the various parts of the mill 
can easily be synchronised since the roller 
motors can be supplied from a common 
source and their speeds thus kept uniform. 














Fig. 2.Central view of slabbing mill showing the hot ingot entering the manipulators. 
Two of the 150 h.p. motors driving the manipulator are seen in the foreground, while 
two 50 h.p. motors driving the manipulator fingers are seen in the background to 


the right. 


With A.C. motors speed variation 
can be obtained simply by supplying 
them with power from a _ variable 
frequency alternator. Finally, a higher 
overall efficiency is realised due to the 
elimination of gearing. 

In this particular application, the 
very severe vibration from the rolls 
and the large number of small motors 
required combine to emphasise the 
reliability and very low maintenance 
of the squirrel cage induction motor 
with its robust rotor, having neither 
commutator nor sliprings. 

With the usual -range of roller 
speeds, the maximum 1s so low that 
a direct coupled 50-cycle squirrel cage 
motor would require a very large 
number of poles. Therefore, to avoid 
the use of gearing, low frequency 
motors are used and fed from a special 
supply. his arrangement has much 
to recommend it. It enables the nor- 
mal robust design of squirrel cage 
machine to be used, affording high 
torque for acceleration and retardation 
without resort to specially constructed 
high resistance motors ; starting torque 
remains high, but starting current is 
reduced. A further advantage is that 
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the size and cost of motors 
can be reduced considerably 
as compared with the normal 
50 cycle machine. It will 
be understood that a special 
low frequency alternator set 
is a necessary part of the 
equipment, nevertheless the 
total cost of the installation 
compares favourably with 
that of specially designed 
50-cycle motors. 

The low frequency motors 
supplied by the G.E.C. for 
this duty are of the totally 
enclosed cowl cooled type 
specially constructed for 
direct coupling to the rollers 
through flexible couplings. 

To stop the table in an 
emergency plug braking is 
generally used. Where the 
frequency of stopping is 
such as to involve high rotor 
losses and consequent mech- 
anical stress and possible 
overheating, dynamic brak- 





Fig. 3.—-A general view of the direct coupled roller motors driving the 
run-out table between the slabbing mill and the slab shear. 
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ing may be employed either in combination 
with plugging or as an alternative. As indicated 
above, a variable frequency supply is provided, 
the motors being started up at a low frequency 
and brought up to full speed by raising the 
supply frequency. 


THE HAWARDEN BRIDGE STEELWORKS 
AND ITS EQUIPMENT. 

The Hawarden Bridge Steelworks of John 
Summers & Sons, Ltd., at Shotton, near 
Chester, is a typical modern plant in which 
many of the auxiliary drives discussed have 
been successfully installed. 
This Works, which ts laid out 
for the quantity production 
of sheet steel and strip, is an 
excellent example of present- 
day rolling mill practice. 
Some idea of the number 
and variety of auxiliary 
drives employed can be 
gathered from the fact that 
the G.E.C. has manufactured 
and supplied no less than 340 
motors for this installation, 
aggregating 7,145 horse 
power, together with a large 
amount of control gear. The 
G.E.C. has also supplied four 
low-frequency alternator sets 
and four A.C.-D.C. motor 
generator sets, two being 
for Ward-Leonard control, 
with the associated switch 
and control gear. 

John Summers and Sons, Ltd., is a firm 
with a history extending back for almost a 
century. In 1850, the late Mr. John Summers, 
the founder, began the “manufacture of clog 
irons on a small scale at Stalybridge. ‘The 
business expanded steadily and the first 
rolling mill was installed in 1860. Progress 
continued, iron sheets giving place to steel 
sheets, until the need for further extensions 
led to the purchase of the present site in 1895. 
By 1902 thirty sheet mills had been in- 
stalled, and open hearth furnaces and a bar 
mill had been erected to supply part of the 
required sheet bars previously imported. A 
second steel plant and bar mill were added 
in 1917. The Works now covers an area of 
eight square miles and a new continuous hot 
strip mill was put into operation in the early 
days of the recent war. This mill is thoroughly 
up to date in every respect as evidenced by 
the quality of the product compared with that 
achieved by earlier methods. 
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The new installation comprises a slabbing 
mill, a hot strip mill and two continuous 
pickling lines, and various cold mills, and it 
will be convenient to consider the various 
associated auxiliaries in this order. In most 
instances steelworks type D.C. motors were 
employed except where special conditions, as 
on the runout tables, made squirrel cage 
motors preferable. 


SLABBING MILL. 
General. 


The slabbing mill handles the entire output 





Fig. 4._-General view of the slab shear drives. The 25 h.p. gauge traverse and lift 
motors are seen in the foreground. On the left is the 600 h.p. motor driving the slab 
shear. In the background are the 10 h.p. crop end pusher motors. 


of the Works; its performance is thus of 
primary importance. Electric drives and con- 
trol are employed for all the auxiliary gear 
including the main shear drive. This is largely 
due to the advantages of the three-field system 
of Ward-Leonard control, which enables a 
range of speed variation to be secured by 
D.C. motors, hitherto obtainable only by the 
use of steam or hydraulic power, whilst 
affording complete protection against in- 
correct operation of the controllers, stalling, 
and so forth. 

More than 70 auxiliary motors are em- 
ployed with an aggregate output of some 
2,350 h.p. 


Operation. 

In order to form a clear idea of the function 
of the various auxiliaries, it will be helpful 
to consider the complete sequence of oper- 
ations as a billet passes through the mill. 

A six-ton ingot is taken from the soaking 
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pits by a travelling carriage, or ingot buggy, 
operated from a pulpit in front of the mill, 
and tipped onto the slab approach table, 
from which it travels onwards to the front 
table of the mill (fig. 2). It now enters the 
mill, a single two-high reversing stand, and 1s 
reduced to the required rectangular section 
by successive passes back and forth. Between 
each pass the screw-down motor operates to 
give the correct adjustment of the rolls while 


the manipulators at the front and back of 


the mill push the ingot transversely across the 
table, as may be necessary, to enable it to 
pass through the various sections of the rolls. 
Frequently during this process the part-rolled 
ingot requires to be turned over through 
90°, and this is accomplished by the operation 
of the fingers incorporated in the manipu- 
lator. 

When the final section is obtained, the 
run-out table (fig. 3), conveys it to the shear. 

For convenience, the motors driving the 
run-out table are divided into five groups, 
some of which are controlled both from the 
pulpit and shear, and some from the shear 
only. In this way any section can be cleared 
from the mill and taken over, as may be 
required, by the shear operator. 

The purpose of the shear (fig. 4), is to cut 
the rolled sections into slabs of pre-determined 
length. ‘The forward end is first cropped and 
tipped into the scrap pit by the crop end 
pusher. The slab then advances against a 


August, 1947 





Fig. 6.—A near view of the direct coupled roller motors 
showing the 3.5 h.p. motor on the roller adjacent to the 
slab shear. 


stop and is sheared, the stop lifts and the 
rear portion of the table, which is controlled 
from the shear pulpit, is set in motion and 
carries the slab to a piling machine. After 
weighing, the slab is removed by a crane to 
the slab stock bay for cooling and inspection. 





Fig. 5.—Twe 150 h.p. steelworks type motors driving the rear mill table. 
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Fig. 7.—Interior of the slabbing mill control pulpit showing 
the arrangement of the controllers. 


Electrical Drive of Auxiliaries. 
The mill normally receives an ingot every 
three minutes, and thus deals with about 
120 tons an hour. The ingots are rolled into 
sections about 30 ft. long by 22 ins. to 38 ins. 
wide, and from 34 ins. to 5 ins. in thickness. 

The approach table rollers are driven by 
2—50 h.p., 550 r.p.m. D.C. motors, while 
the front and rear roller tables are each driven 
by 2—150 h.p. D.C. motors (fig. 5). In the 
foreground of fig. 2 can be seen two of the 
four 150 h.p. D.C. motors driving the manipu- 
lator, and to the right, inethe background, two 
50 h.p. D.C. machines driving the manipu- 
lator fingers. Both sets of motors are shunt 
wound and run at 450 r.p.m. The 
screw-down motor, a 100 h.p. shunt 
wound machine running at 475 r.p.m., 
can also be seen above the mill in this 
illustration. 

The run-out table is driven by 46 live 
roller motors (fig. 3). These are all low- 
frequency, totally enclosed squirrel cage 
machines, the majority having an inter- 
mittent rating of 1 h.p., and develop- 
ing a torque of up to 170 Ibs. ft. The 
rollers immediately on either side of the 
gap at the slab shear, however, require 
a gf of up to 600 Ibs. ft. and for 
these 3-5 h. p. motors are used, one of 
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of fig. 3, and the other in fig. 6. All these 
motors are operated from a 250 volt 3 phase 
A.C. supply at a constant frequency of 11 c/s 
giving a running speed of 72-5 r.p.m., and are 
designed for ten reversals a minute. 

The whole of the rolling process which 
includes the operation of the mill, the screw- 
down mechanism, the front and rear roller 
tables and the first section of the run-out 
table, is controlled from the elevated cabin 
or pulpit seen in front of the mill in fig. 5. 
The interior of the pulpit is illustrated in fig. 
7 which shows the master controllers of the 
lever-operated steelworks pattern as well as 
the engine controllers for the main steam 
drive. The pulpit is glazed with armoured 
glass to prevent the operators from being 
injured by flying scale and sparks. 

The roller motors are contactor controlled 
and arranged for remote operation from 
master controllers. ‘The control equipment 
is housed in sheet steel cubicles arranged as 
an interlocked switchboard. Each of the 
five groups of motors is independently con- 
trolled and provided with a triple pole main 
isolating switch and two triple pole heavy 
duty contactors, forward and reverse, fitted 
with roller bearings and designed for very 
frequent service, up to 750 operations an hour. 

The slabs are sheared into lengths up to 

ft. weighing up to 3 tons. As many as 
6 cuts a minute may be required, depending 
upon the rate of rolling. 

The main shear is driven through gearing 
by a 600 h.p. 400/1,000 r.p.m. D.C. motor 
of the forced ventilated type with a drip-proot 
cover at the commutator end. ‘The motor 
is started and stopped for each cut, and in 
order to speed up the cycle of operations the 
motor is accelerated after the cut is completed 
and then braked dynamically to bring the 
shear to rest. ‘To this end, the normal Ward- 





which can be seen in the foreground pig, 8.—oscillogram of driving motor during operation of the slab shear. 








t <o pa - 7. 





Fig. 9.-A general view of the motor generator room showing the Ward-Leonard 


sets and contactor panels. 


Leonard control is supplemented by field 
forcing. Before a cut is made, a swamping 
resistance in the field of the Ward-Leonard 
generator is short circuited, thus over-exciting 
the generator causing the voltage to build 
up rapidly to 600 volts, and in less than | 
second the motor speed rises to 400 r.p.m. 
The cut 1s then made and the speed of the 
motor drops only slightly. When the 
load has fallen sufficiently, the crank- 
shaft having turned through about 
160, the field of the motor is weakened 
by the switching in of a resistance, thus 
causing it to accelerate. In a few 
seconds, a speed of 1,000 r.p.m. is 
attained and an automatic overspeed 
device then short circuits both the 
accelerating resistance and a swamping 
resistance in the motor field thus 
rapidly bringing the speed down to 
400 r.p.m., by which time the crank 
has turned through about 320°. A 
limit switch on the crank then operates 
and disconnects the generator field, 
thus causing the motor to regenerate 
which quickly brings it to rest with the 
shear in position for the next cut. 
‘These operations, which are all com- 
pletely automatic, are controlled by a 
single push button 1n the shear pulpit. 
For purposes of maintenance, ad- 
ditional forward and reverse push 
buttons are provided. 

An oscillogram taken on the slab 
shear during the cutting of a slab 
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approximately 29 ins. by 4? 
ins. is reproduced in fig. 8. 
The top curve ts of the cur- 
rent taken by the motor 
armature. The peak at A 
shows the current taken to 
accelerate the motor and 
shear to its basic speed in 
less than 1 sec.; it remains 
at this speed until the cut has 
taken place. The peak at B 
indicates the current taken 
during the actual cut; this 
peak is comparatively small 
as the shear is designed to 
deal with much heavier slabs. 
The peak at C shows the 
current taken during the 
speeding up period to com- 
plete the return stroke, this 
speed can be seen on the 
curve of motor speed. Peak 
D is the feed-back current 
when the motor field is strengthened in order 
to decelerate again down to the basic speed. 
At E is shown the regenerative current peak 
during which the shear is quickly brought 
to rest. 

The remaining auxiliaries, which are all 
operated by compound wound D.C. steel- 
works type motors, can be seen in fig. 4. 





Fig. 10._-Four 50 h.p. 550 r.p.m. steelworks type motors driving 
furnace pushers. 
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They comprise the crop end pushers driven by 
the two 10 h.p. motors in the centre of the 
illustration, the shear adjustment driven by 
the 10 h.p. motor on top of the shear and the 
gauge lift and traverse, each of which is 
coupled to one of the 25 h.p. machines seen 
on the right of the photograph. The 
auxiliaries associated with the second 
section of the run-out table include the 
slab pusher and the disappearing stop, 
the latter being driven by a5h.p. motor. 


D.C. Auxiliary Supply. 

The D.C. supply for the motors 
driving the screw-down, front and rear 
tables, manipulators and the main shear 
is obtained from two special Ward- 
Leonard sets designed for the three-field 
system of control. These sets, together 
with the main switchgear, are situated 
in the motor generator room, a general 
view of which is seen in fig. 9. Each 
set comprises a number of D.C. gener- 
ators driven by a 6-6 kV unity power 
factor salient pole synchronous motor at 
1,000 r.p.m.; all are forced ventilated 
machines. The larger of the two sets, 
seen on the right of the illustration, 


consists of a motor of 1,090 h.p. coupled 
to three generators rated at 135 kW 
250 volts, 480 kW 550 volts and 75 kW 
250 volts respectively, together with the 


exciter for the driving motor. ‘These 
generators supply the two 150 h.p. front 
table motors, the 600 h.p. shear motor, 


and the 100 h.p. screw-down motor. The second 
set, seen in the background, comprises a 700 h.p. 
motor driving three 135 kW _ generators 
supplying the two 150 h.p. motors operating 
the rear mull table, and the four similar 
manipulator motors, the exciter for the 





Fig. 12..a>ove)—-The last 
roughing stand in the 
hot mill showing the 
side guard adjustment 
on the approach table. 


Fig. 11. (/e/t) Second 
roughing stand in the 
hot mill showing a 7} 
h.p. 900 r.p.m. mill 
type motor driving the 
side guard adjustment. 
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driving motor and the main exciter for the 
Ward-Leonard generators and the motors 
which they supply. 

Both motor-generator sets are arranged for 
reactance starting from a three panel cubicle 
type switchboard, seen in the background on 
the right of fig. 9, which includes a field con- 
trol panel for each motor and a common 
isolator cubicle for cutting out either motor, 
if required. The D.C. generators and motors 
are controlled from a main 21-panel 250-volt 
switchboard carrying the necessary con- 
tactors, relays and instruments, seen on the 
left of fig. 9. 

To permit mill maintenance to be carried 
out without the necessity of starting up one 
of the Ward-Leonard sets, the screw-down 
drive is arranged for changeover to the local 
D.C. supply, for which purpose an additional 
drum controller is provided. 


A.C. Auxiliary Supply. 
The low frequency A.C. supply for the 
roller motors is provided by a synchronous 





Fig. 13.--A view looking towards the roughing mill showing four 35 h.p. 
575 1,150 r.p.m. D.C. steelworks motors driving the approach table to 


the finishing mill. 
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frequency converter consisting of a 385 h.p. 
2-2 kV 50 cycle salient pole synchronous 
induction motor driving a 250 volt 3 phase 
11 cs. alternator at 333 r.p.m.; the exciters, 
which are direct coupled, are located at either 
end of the set. This frequency converter is 
controlled from a 3-panel steel cubicle; 
two panels control the motor, one being equip- 
ped with a triple pole oil circuit breaker, the 
other being an excitation panel; the third 
panel controls the outgoing low frequency 


supply. 


HOT STRIP MILL. 


In the hot strip mill the steel slabs are 
reduced to strip at the rate of 10,000 tons a 
week. The mill comprises eight stands in 
tandem and the reduction may be from slabs 
up to 5 inches in thickness to strip as thin 
as gauge 18 (0-049 inch). 

The whole of the mill is electrically oper- 
ated. For the auxiliary drives, about 200 
motors are employed aggregating some 
3,150 h.p. 


Operation. 

The cold slabs are taken from the 
stock bay and, before rolling, are re- 
heated in continuous furnaces having 
a capacity of 50 tons an hour each. 
The slabs are stacked on the furnace 
magazine from which they are charged 
into the furnace by electrically 
operated pushers (fig. 10). After 
heating, the slabs drop on _ to 
motor driven delivery tables which 
carry them to the hot mill. 

The next series of operations begins 
in the roughing mills, which consist 
of three stands. On reaching the 
approach table of the first, or 
“spreader” stand, the slab is taken 
through a pair of vertical edging 
rolls, to square the edges and give 
uniform width, then through a high 
pressure (1,000 Ibs. per sq. in.) water 
spray for scale removal. It passes 
between the motorised side guards 
before it enters the 4-high non- 
reversing roughing mill, which in- 
creases the width by cross rolling, 
if widths greater than 38 ins. and 
up to 54 ins. are required. This 
is completed in two or _ three 
passes, between each of which the 
screw-down motors operate, as 
necessary, to give the correct ad- 
justment of the rolls. Two slab 
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pushers and a slab turn-around 
are provided for convenience in 
handling the slab in its passage 
back and forth through this 
mull. 

The second and third, or 
Universal, stands of the rough- 
ing mill, which are also 4-high, 
are seen in figs. 11 and 12, the 
former showing the hot strip 
passing through the second stand. 
In this illustration there can also 
be seen the side guards and 
operating motor, the water jets 
and the vertical edging rolls 
which determine the final width 
of the strip. 

The strip now passes along 
the roller table, seen in fig. 13, 
to the finishing mill which is 
preceded by a set of pinch rolls 
which break up the surface scale. 
As seen in fig. 14, this mill 
comprises five 4-high stands in 
tandem. The finished hot strip is in continuous 
lengths up to 1,200 ft. and may be as thin as 18 
gauge (-049 ins.); it presents a most im- 
pressive spectacle as it emerges from the last 
stand at the rate of 1,550 ft. per min. (fig. 15). 
The control of the strip at this high speed is 
facilitated by the provision of loopers to take 
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Fig. 15.—-Variable frequency roller motors driving the run-out table from the 


hot finishing mill. 


up any slack that may develop between stands. 

As the strip leaves the last finishing stand, 
it is Cut into suitable lengths by means of a 
flying shear of the revolving blade type. The 
shearing operation is effected by the mating 
of the two blades carried on motor driven 
drums, one above and one below the strip, 


General view of the hot finishing mill with the hot strip passing through. 





IW, 


in such a way that, at the moment of shearing, 
both blades are moving in the direction of 
travel of the strip. The shear is used for two 
separate purposes: for continuous shearing 
of the heavier gauges of strip to give plates 
of the required length, and for the end cropping 
of the lighter gauge strip on its way to the 
coiler. 

‘The run-out table, seen 
in fig. 15, which carries the 
strip to the coiling/piling 
machine, deals with about 
100 tons an hour. The 
table is equipped with 
individual roller drive for 
which purpose 121 low 
frequency squirrel cage 
motors are employed, fed 
from a variable frequency 
supply. In this way a wide 
range of speed variation 1s 
obtainable to suit the speed 
of the last stand of the mill. 
The coiling machine, which 
is of the up-coiler type, is 
seen in fig. 16. A duplicate 
coiler is also available if 
needed. 

As the coils are ejected 
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of about 20 ft. and transferred to a weighing 
machine by a motor driven piler liftover. 
They are then removed to cooling racks whence 
they are later taken to the hot trim, level and 
shear line for side trimming, levelling and 
shearing to the required lengths ready for 
despatch. 





from the coiler, they are 
tipped up by an up-ender 
and slide on to a chain 
conveyor which takes them 
to the coil stock bay. 
The heavier gauges of 
strip are cut into lengths 
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Fig. 17.—One of the four 50 h.p. 550 r.p.m. steelworks type motors driving loopers 
situated between adjacent stands of the finishing mill. A 10 h.p. totally enclosed 
squirrel cage motor operating the side guard adjustment is seen in the background. 





Electrical Drive to 
Auxiliaries. 


The furnace pushers, 
transfer car and furnace 
delivery tables are all oper- 
ated by D.C. motors of the 
steelworks type. Six 50 
h.p. compound wound 
machines running at 550 
r.p.m. are employed for the 
furnace pushers, two 10 
h.p. series motors for the 
transfer car, while two 35 
h.p. and two 50 h.p. com- 
pound machines drive the 
delivery tables. 

Throughout the hot mill, 
35 h.p. compound wound 
motors are employed for 
driving the approach tables, 
there being in all eight of 
these machines. In the 





Fig. 16. 


The up-coiler driven by a 5060 h.p. 409 1,200 r.p.m. motor. 
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Fig. 18.—A view along the top of the finishing stands showing ten 35 h.p. 
screw-down motors of the steelworks type. 


roughing mill the side guard adjustment on 
these tables is by means of seven 7} h.p. such 
motors, two being used at the spreader stand ; 
four similar motors are employed for this duty 
on the run-out tables. On the approach tables 
of the finishing mill A.C. motors are used 
for side guard adjustment, these comprise five 
10 h.p. 960/85 r.p.m. geared squirrel cage 
machines of the totally enclosed fan cooled 
type, one of which is seen in fig. 17, and 
several others in the foreground of fig. 18. 

The drive for the vertical edging rolls is 
by 150 h.p. 450/900 r.p.m. shunt wound 
steelworks type motors; the adjustment 
in the case of the spreader stand being by two 
50 h.p. 550 r.p.m. motors, while in fig. 19, 
can be seen one of the 15 h.p. 725 r.p.m. 
motors for this duty on the last roughing stand. 
Both sets of motors are compound wound. 

On the spreader stand the screw-down 
motor is rated at 75 h.p. 500 r.p.m.; on the 
five finishing stands of the hot mill two 35 h.p. 
575 r.p.m. screw-down motors per stand are 
installed, as shown in fig. 18; all of them 
being compound wound steelworks type 
machines. 

For the slab pushers at the roughing mill 
two shunt wound 75 h.p. 230 r.p.m. motors 
are used, and for the slab turn-around a 7} 
h.p. compound wound motor operating at 
900 r.p.m. 

The variable speed drive for the pinch rolls 


which precede the finishing 
mill is provided by a 60/75 
h.p. 300/1,200 r.p.m. shunt 
wound motor of the in- 
dustrial type. In fig. 17 is 
seen one of the four 50 h.p. 
550 r.p.m. shunt motors 
driving the loopers. 

The shear is driven by 
two 150 hip. 450/1,000 
r.p.m. shunt wound D.C. 
motors of the forced venti- 
lated steelworks type (fig. 
20). The shear runs con- 
tinuously and great accuracy 
is obtainable if the relative 
speeds of the two blades are 
correctly selected. Contin- 
uous operation also makes 
possible a saving in power 
compared with the method ot 
making separate cuts which 
involves frequent acceler- 
ating peaks. For cropping 
the ends, the shear is 
accelerated rapidly from rest 
to synchronise with the emergence of the strip 
from the last finishing stand, the leading end 
is cropped and the shear brought to rest, the 
process being then repeated with the rear end. 
So as to perform the cropping operation with 
sufficient accuracy to avoid excessive scrap, 





Fig. 19.--A 15 h.p. D.C. steelworks type motor for the side 
adjustment of the vertical edging rolls on the last roughing 
stand. 
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Fig. 20. -Two 150 h.p. 450 1,000 r.p.m. D.C. steelworks motors driving the 
fiving shear behind the finishing stands. 


the shear drive 1s designed to give the acceler- 
ation required to bring the shear from rest to 
full speed in 14 seconds. The two driving 
motors are connected 1n parallel and operate 
under Ward-Leonard control, and in view 
of the severe conditions which demand a total 
torque of 8,000 Ibs. ft. during acceleration, 
with corresponding current peaks of the order 
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of 3,000 amps., a number of 
special mechanical and electrical 
features are incorporated in the 
design. For example, the motor 
armatures are sO proportioned 
as to have the lowest possible 
inertia and the windings are 
rigidly braced to withstand the 
severe mechanical stresses 
during acceleration; laminated 
interpoles are employed thus 
minimising damping and en- 
suring practically sparkless 
commutation even during 
acceleration when the current 
rises very rapidly to its peak 
value. Accurate speed control 
is another vital requirement ; 
the field coils which are 
separately excited are, there- 
fore, connected in series with 
a large ballast resistance to 
minimise variations in field 
current due to temperature 
changes in the field coils. 
The electrical drive of the run-out table 
from the finishing mill to the coiler is of 
particular interest. The problem involved 
is that of a continuously running table, more 
than three times as long as the similar table 
in the slabbing mill, employing individual 
roller drive from low frequency squirrel cage 
motors and requiring a wide range of speed. 





Fig. 21..-The 1,500 kW motor-generator set in the het mill for supplying the auxiliary 


motors. The set comprises a 1,685 kVA 


6.6 kV synchronous motor driving a 240 volt 


D.C. generator at 600 r.p.m. 
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Rapid stopping 
necessary. 

The roller motors are each rated at 0-67/2-1 
h.p. intermittent rating, 147/440 volts 180 
580 r.p.m., and can develop a torque of 35 Ibs. 
ft. at top speed. ‘They are fed from a variable 
frequency supply at 16-75/50 cycles per 
second derived from alternators driven by 
variable speed D.C. motors. The roller 
motors are divided into two groups of 60 and 
61 respectively, each group being supplied 
from a motor alternator set. Dynamic braking 
is used in order to bring the motors rapidly 
to rest in an emergency ; for this purpose a 
25 volt D.C. supply is fed to the motor stators. 

The run-out table operates entirely under 
remote control. Speed variation is obtained 
by varving the supply frequency by means of 
a motor operated shunt regulator in the field 
of the motor driving the appropriate altern- 
ator. ‘This permits the roller motors to be 
started up at low frequency, thus obviating 
high starting currents; subsequently the 
motors may be accelerated or retarded as 
required. Switching is performed from a 
10-panel board on which are mounted con- 
tactors to give forward and reverse 
operation as well as dynamic braking. 
The master controllers are located in 
the shear control desk. Overload 
protection for each motor is afforded 
by thermal cut-outs. 

The coiling machine is driven by 
a 5060 h.p. 400/1,200 r.p.m. shunt 
wound motor of the industrial type, 
and enables the coiler speed to vary 
to suit the mill delivery § speed. 
‘The up-ender which tips the coils on 
to the chain conveyor is driven by two 
10 h.p. compound wound steelworks 
type motors running at 800 r.p.m. 

In the trim, level and shear lines, 
D.C. motors are used exclusively. 
The up-cut shear is operated by two 
35 h.p. 575 r.p.m. steelworks type 
motors. Elsewhere variable speed 
shunt wound motors of the industrial 
type are employed : for the trimmer 
and leveller respectively, 30/40 h.p. 
and 60,75 h. P. machines with a speed 
range of 400 1,200 r.p.m.,and 3/5 h.p. 
450/1,800 r.p.m. motors on each of the 
three roller tables, one for charging 
the trimmer, one between trimmer 
and shear, and one for gauging. 


in an emergency is also 
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auxiliary motors in the hot millis provided by a 
motor-generator set comprising a 1,085 kVA 
unity power factor synchronous motor driving 
a 1,500 kW 240 volt D.C. generator at 600 
r.p.m., an illustration of which is seen in 
fig. 21. The output of this set is controlled 
by an 1l-panel switchboard consisting of 
one incoming generator panel, seven 2,000 
amp. feeders, one 1,000 kW tie-line from a 
similar set in the cold mill, one 1,000 kW 
standby supply panel, and one panel for the 
crane feeders. The largest circuit breakers 
on this board are of 8,000 amp. breaking 
capacity and are remote operated from a 
5-panel control board. 

The 25 volt D.C. supply for the dynamic 
braking of the run-out table motors is pro- 
vided by a special motor-generator set com- 
prising a 25 h.p. 440 volt squirrel cage motor 
driving a D.C. generator at 960 r.p.m. The 
output is 600 amps. with a peak value of 
850 amps. 


A.C. Auxiliary Supply. 
As mentioned above, a variable frequency 
supply at 16 c.p.s. is provided for the squirrel 








Fig. 22._-Two of three variable frequency converters supplying the a 
out tables from the finishing mill to the yay Oy peg = od 

"Tha _ > 2 . 151 455 kVA 16.7 50 cycle alternator driven by a h.p 1,000 r.p. =. 
[he power supply for the D.C. D.C. motor. The 6-panel open type switchboard is scen on the left. 


D.C. Auxiliary Supply. 
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gear for each set comprises a double 
pole line contact circuit breaker, a 
motor operated shunt regulator to- 
gether with the usual relays and 
instruments. The provision of a field 
interlocking relay enables the motor 
to be run up to any predetermined 
speed in accordance with the setting 
of the shunt regulator, thus giving 
any desired frequency for the A.C. 
supply. The shunt regulators are 
remote controlled by push buttons 
from the main control gallery in the 
hot mill. ‘This enables the operator 
to vary the speed of the run-out table 
as may be necessary. The A.C. 
control of these sets is similar to 
that installed in the slabbing mill. 


CONTINUOUS PICKLING LINES. 


Between the hot and cold mills, 
the coils of strip pass through 
continuous pickling lines in order to 
remove the scale and other surface 
impurities left after hot rolling. 

‘Twenty-six direct current auxiliary 
motors are used in the conduct 
Fig. 23.--Two 35 h.p. steelworks type motors driving the single up-cut of this ager, ageregating 650 horse 
shears. In the background may be seen two similar machines driving power. Of these, 17 are constant 

oe eee. speed compound wound steelworks 





cage motors on the run-out 
tables rollers. Three motor 
generator sets are installed for 
this purpose, two of which 
supply the two sections of 
the table while the third acts 
as a standby. The motor of 
each set is a 430 h.p. 230 
volt compensated compound 
wound D.C. machine driving 
a 151/455 kVA 147 440 volt 
0-55 power factor, 3-phase 
alternator at 333 1,000 r.p.m., 
thus giving a 3:1 speed 
range. The motors and 
alternators are separately ex- 
cited from two 30 kW motor- 
generator sets each driven by 
a 40 h.p. 440 volt squirrel 
Cage motor. 

The D.C. or driving end 
of the variable frequency 
motor alternator sets is con- 
trolled from a 6-panel open 
type switchboard as seen in 
hg. 22, which illustrates both 
the sets and the associated 
switchgear. The D.C. control 





Fig. 24.-The up-coiler situated at the end of the pickling line and driver by 
25 30 h.p. 400 1,600 r.p.m. motors. 
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type machines, the remainder being variable 
speed industrial type shunt motors. 

There are two pickling machines which 
operate in parallel, each having four 6,000- 
gallon tanks 60 ft. long containing sulphuric 
acid at 90 degs. C. and two 3,000-gallon tanks 
of water. The strip passes 
through these tanks at a 
speed of 100 to 150 ft. per 
minute; suction fans are 
provided to remove acid 
fumes. 

The strip runs off from 
feed reels and is first bent 
in a processor to loosen the 
scale. ‘The coils are then 
welded or stitched together 
to provide a continuous 
length for the pickling 
plant. 

Four 10 h.p. 800 r.p.m. 
motors drive the feed reels, 
while the roll lift for the 
processors is driven by two 
15 h.p. motors running at 
725 r.p.m. Two 25 h.p. 
motors drive the clamp and 
cam drive respectively for 
the flash welder ; the stitch- 
ers are operated by four 
35 h.p. motors. 

The strip is sheared 
before re-coiling and for 
this purpose up-cut shears are provided 
driven by four 35 h.p. 575 r.p.m. steelworks 
type motors which can be seen in the fore- 
ground in fig. 23; the two similar machines 
operating the stitcher are visible in the 
background. 

On emerging from the pickling tanks, the 
strip is passed through a series of pinch rolls 
and a flash trimmer, driven respectively by 
four 10/15 h.p. 400/1,600 r.p.m. industrial 
type shunt motors and a 25 h.p. steelworks 
motor. It is then dried, oiled and re-coiled 
on the up-coiler shown in fig. 24 in which can 
also be seen one of the 25/30 h.p. 400/1,600 
r.p.m. driving motors. 
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COLD MILL. 

If further reduction of the strip is required 
after hot rolling, it is carried out in the cold 
mills which include, in addition to the mills 
themselves, cold trim, level and shear lines 
followed by an annealing plant and skin pass 
mills. 

Twenty D.C. motors are employed in this 
section of the mill aggregating 543 horse 
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power; thirteen of these are constant speed 
compound wound steelworks type machines, 
the remainder being shunt wound industrial 
type motors. 

One cold mill, seen in fig. 25, consists of 
three stands in tandem; it is electrically 


al 


Fig. 25.—-The three stand tandem cold mill. The illustration shows the 35 h.p. 


screw-down motors. 


driven throughout, the auxiliaries comprising 
two 35 h.p. 575 r.p.m. screw-down motors 
per stand, those on the last stand being visible 
in the illustration. 

The strip leaves the mill at 1,100 ft. per 
min., and to enable it to be threaded at this 
speed a belt wrapper is provided. The coiler 
is run up to full speed, the belt wrapper wraps 
the first few turns on the reel and withdraws 
automatically. A roller conveyor delivers the 
coils to the trim level and shear lines. The 
equipment in this section comprises a feed 
reel, a trimmer, a leveller, the shear itself and 
a conveyor. The coil is rolled into a pit below 
the feed reel, whence it is hoisted and held in 
the feed reel heads. The strip is then fed 
through a pair of pinch rolls to an edge 
trimmer, whence it passes to the shear. 

After being annealed, the sheets proceed to 
the skin pass mulls, which give a slight reduc- 
tion to improve the physical properties. 

D.C. power for the cold mill auxiliaries is 
provided by a 1,500 kW 240 volt motor 
generator set which is a duplicate of that 
used in the hot mill. 





The Luminous Performance 
of Fluorescent Lamps. 


By H. G. JENKINS, M.Sc., F.Inst.P., and A. H. McKEAG, M.Sc., A.R.I.C., 
G.E.C. Research Laboratories. 


INTRODUCTION. 


N a previous paper") it 
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The recent 


improvement by 
some 50 per cent of the average 


two million tons of coal per 
annum, together with all the 
incidental saving of gener- 


was shown from theor- 

etical considerations 
that efficiencies of the order 
of 60 lumens per watt may 
reasonably be expected from 
fluorescent lamps _ giving 
white light, that is, light 
having a spectral energy 
distribution similar to that 
of the sun. 

The recently published im- 
proved performance figures 
for British 80 watt and 40 
watt lamps go a long way 


towards the achievement of 


efficiency of fluorescent lamps 


: makes it of interest to review the 


chief factors which have con- 
tributed to this advance. 

The matin electrical and dim- 
enstonal features which affect 


: performance are discussed. A 


new phosphor 1s described, hav- 
ing greatly improved stability 
under dtscharge conditions, 
which has largely contributed to 
the improved performance of 
the lamps. The problem of light 
depreciation 1s discussed in some 
detail. 

This article 1s an amplific- 


ating plant and distribution 
costs. 

Although a total conver- 
sion to fluorescent lamps 
is probably not possible at 
present, the conversion of 
the commercial and indus- 
trial lighting load, which is 
not far from 50 per cent 
of the total, might be largely 
realized in time to be of 
value in the present emer- 
gency. This would effect 
a saving of about one million 
tons of coal per annum 





this figure. It seems appro- 
priate to discuss the various 
factors which determine the 
luminous performance of 
fluorescent lamps including 
those which have contributed to the recent 
improvement. 


authors to the 


High luminous efficiency is of particular 
significance at the present time in view of the 
urgent need to save fuel. The total lighting 
load in this country is not far from four 
thousand million units per annum and even on 
the basis of the old performance the replace- 
ment of tungsten by fluorescent lamps would 


mean a potential saving of 1} million tons of 
coal per annum, without any reduction in the 


level of illumination. On the basis of the new 
hgures, which are effectively some 50 per cent 
greater, the potential saving is not far from 
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atton of one contributed by the 
“Electrical Times,” 
> Fune 19th, 1947. 
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without affecting the level 
of illumination. It is esti- 
mated from a study of the 
contribution of this load to 
the peak load that the con- 
version to Dnemecanl lighting could conserve 
power plant by approximately 300,000 kW, 
which is the output of Battersea Power Station. 


CONSTRUCTION OF FLUORESCENT 
LAMPS. 

As is well known, fluorescent lamps consist 
essentially of a low pressure mercury vapour 
discharge surrounded by a layer of fluorescent 
powder in the form of a thin coating on the 
inside walls of the discharge envelope. The 
powder layer is excited to luminescence by 
the ultra violet radiation emitted by the dis- 
charge and itself becomes the light source. 
In a sense the fluorescent coating may be 
regarded as a special kind of electro-magnetic 
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frequency changer converting the high fre- 
quency ultra violet into lower frequency 
visible radiation. 

The fluorescent coating is applied to the 
inside walls of the tubular envelope as a paint- 
like suspension in an organic resin which is 
subsequently removed by baking the coated 
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Fig. 1.—Effect of bulb wall temperature on the efficiency 
of 80W. fluorescent lamps. 


bulb at 400—500 degs. C. Electrodes comprising 
spirals of tungsten wire coated with electron- 
emissive Oxides are sealed into each end of 
the bulb; the lamp is then processed by 
evacuation, baking and filling with a few mm. 
of argon and a small globule of mercury. 

The vapour pressure of the mercury at the 
normal operating temperature of the lamp is 
only of the order of 0-0006 mm. which is too 
low to permit of starting the discharge at any 
reasonable voltage. ‘The function of the rare 
gas is to reduce the starting voltage both 
initially and during the ordinary cyclic changes 
in the supply voltage. ‘Fhis it does by pro- 
viding an abundance of atoms which are 
necessary for the initial rapid build up of 
ions during starting. Once the arc has started 
the rare gas atoms serve to pass on the excit- 
ation energy from the moving ions to the 
relatively widely dispersed mercury atoms 
without themselves being excited appreciably 
in the process. During normal operation, 
therefore, the main radiation from the dis- 
charge is from the mercury atoms and not 
from the rare gas atoms. 


The concentration of mercury atoms in the 
discharge, which is a function of the bulb 
wall temperature, determines the amount of 
ultra violet radiation which reaches the 
fluorescent coating and therefore the luminous 


efficiency of the lamp. Fig. 1 shows the 
relation between bulb wall temperature and 
lamp efficiency for the 80 watt lamp burning 
in free air without draughts. It will be seen 
that there is a fairly rapid rise to a somewhat 
broad maximum in the region of 40 degs. C. 
and thereafter a slower fall away as the bulb 
temperature further increases. The bulb 
temperature reached in normal use depends 
on the circumstances ; the lamp will operate 
close to the optimum temperature in an open 
dispersive fitting at an ambient temperature 
of 20 degs. C. 

Measurements show that under suitable 
conditions some 60 per cent of the light column 
energy of the low pressure mercury vapour 
discharge appears as ultra violet radiation of 
wavelength 2537A and below. The energy 
radiated in the visible region of an uncoated 
tube amounts to only about 14 per cent. Fig. 
2 shows the effect of mercury vapour pressure 
as measured by the tube wall temperature on 
the efficiency of production of 2537A radiation 
for a range of tube currents in a tube 1 inch 
in diameter. It will be noted that for any 
given mercury vapour pressure the 2537A 
efficiency continues to increase down to low 
values of the current; also, that the temper- 
ature, and therefore the pressure at which the 
maximum efficiency of the mercury vapour 
occurs, tends to increase as the current is 
reduced. 
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HF 2.—Relation between positive cotumn efficiency of 
2537A radiation and bulb wall temperature for different 
currents. 


The general shape of the curves is similar 
to that of fig. 1, but the maxima occur at 
lower tube wall temperatures due to the 
smaller tube diameter and the different para- 
meters concerned. In practice it is, of course, 
necessary to effect a compromise between the 
optimum conditions for the production of 
short wave ultra violet radiation and other 
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requirements such as reasonably high wattage 
dissipation. 


EFFECT OF LAMP VOLTAGE. 

In deciding the dimensions of fluorescent 
lamps a primary consideration is the need to 
operate on ordinary 200—250 volt supplies ; 
for stable operation it is necessary that the 
voltage drop across the lamp in normal 
operation should not be much in excess of 60 
per cent of the supply voltage. The lamp 
voltage is made up of that in the light column, 
which is proportional to the length of the 
column, and the voltage drop in the vicinity 
of the cathode, which depends on the nature 
of the cathode and is independent of the 
dimensions of the tube. Fig. 3 shows the 
relation between lamp voltage and length of 
light column, for 14 inch diameter lamps at 
0-85 amp. and 0-4 amp. which are the 
diameter and tube currents of the 80 watt 
and 40 watt lamps respectively. The value 
of the voltage corresponding to zero length of 
light column is the cathode voltage drop 
which amounts to about 17 volts in the 
examples quoted. The voltage per foot of 
light column is higher at the lower tube 
current, which accounts for the fact that the 
tube voltage of the 4ft. 40 watt lamp is about 
the same as that of the 5 ft. 80 watt lamp. 
This is the maximum tube voltage consistent 
with safe operation on 200 volt supplies under 
the permissible minimal conditions. 

In one sense the light column voltage drop 
alone may be regarded as contributing to the 
light output, and the curves of fig. 3 make 
it clear why, for maximum efficiency and light 
output, it is necessary to keep the tube voltage 
as high as possible whilst keeping the cathode 
voltage fall to a minimum. The excess of 
supply voltage over the lamp voltage is ab- 
sorbed in the ballast and it will be evident 
that the greater is this excess the larger the 
ballast must be. If, as is generally the case, 
the ballast takes the form of an inductive 
impedance, this in turn will mean a larger 
capacitor to correct the lower overall power 
factor. From the points of view, therefore, of 
efficiency, light output and cost of control 
gear it is desirable to work with the highest 
lamp voltage consistent with stable operation. 

Despite their lower efficiency short lamps 
of the order of 2 ft. in length have a number 
of important advantages for certain purposes 
domestic lighting, for example—and are likely 
to be widely used in the future. It can be 
deduced from the data in fig. 3, curve (a), 
that a lamp 2 ft. long will be 12 per cent less 
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efficient than a similar 4 ft. lamp, on account 
of its higher percentage cathode losses. The 
reduction in efficiency will, in fact, be some- 
what greater than 12 per cent owing to the in- 
creased percentage end losses in luminous 
flux as discussed below. 

Short lamps operated in series have the 
same ballast requirements as a single long 
tube of the same tube voltage. For this 
reason it is probable that short lamps will be 
operated in series wherever possible. It is 
interesting to compare the efficiencies of two 
short lamps in series with that of a single long 
lamp of the same diameter and current and 
consuming the same wattage as the two short 
lamps. The curves in fig. 4 show the bright- 
ness distribution along the length of the 
lamps ; the luminous output may be taken 
as proportional to the areas enclosed by the 
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Fig. 3.—Relation between tube voltage and length. 





lamp axis and the curves. It will be seen that 
the efficiency of the single long lamp is some 
20 per cent greater than that of the two short 
lamps. 


THE FLUORESCENT COATING. 


Unquestionably the most important factor 
affecting the efficiency of fluorescent lamps is 
the fluorescent coating itself and some con- 
sideration must now be given to this aspect 
of the lamps. 

Table 1 gives the more important data 
relating to the phosphors in common use for 
fluorescent lamps. These substances are 
prepared by firing the compound, or an inti- 
mate mixture of the appropriate constituents, 
at a temperature not far from 1,200 degs. C. 
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for periods of from one hour to several hours, 
according to circumstances. This develops 
the crystalline structure which is an essential 
feature of inorganic phosphors. Most of the 
phosphors contain small amounts of an 
activator such as manganese which is incor- 


coloured and to obtain a spectral composition 
suitable for general lighting, it has been the 
practice in the past to use a mixture of two 
or more phosphors. Thus a light approxi- 
mating to one particular phase of daylight can 
be obtained from a mixture of equal parts by 


TABLE I. 
PHOSPHORS IN COMMON USE FOR FLUORESCENT LAMPS. 











Calcium Halophosphate | 





3Ca, (PO,), 1Ca(F,Cl) 


Name Chemical Formula 
: Lime Beryllium Silicate | (Zn, Be),SiO, eas 
‘Zine Silicate S 1 te 
‘Mamnesine:s Tenantate $i | “MeWo. es ea 
Calcium Tungstate ..| CaWO, ..  .. 
Cadmium Borate ..| Cd,B,0, .. 


-——— 








| Colour of 
Activator Fluorescence 
Mn. | Greenish Yellow to 
Red 
RX —< 
Mn. | Creen 
“ —|— ‘ssiehesihnpdiaiaes itis ae 
- | Pale Blue 
Blue 
| Mn. Red 
® Sosy i eee? oe ca cS 
aed >b. Mn. | Pale Blue to Orange- 
| | Red, including White 
Colours 





porated in the crystal lattice during the firing 
process. The luminescent characteristics of 
the phosphor are determined partly by the 
crystalline compound or matrix and partly 
by the activator. 

The common characteristic of the phosphors 
given in Table 1 is that they are all strongly 
excited by the mercury ultra violet line at 
2537A. The excitation region covers a broad 
band extending in some cases down to very 
short wavelengths in the region of 7OOA. ‘They 
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Fig. 4._-Comparison of luminous output of long and short 
fluorescent lamps. 
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are not appreciably excited by wavelengths 
longer than about 3,000A. 

The emission spectra of the phosphors 
comprise fairly broad bands of wavelengths in 
the visible spectrum as shown in fig. 5. The 
light from the phosphor is generally markedly 





weight of zinc beryllium silicate which fluores- 
ces with an orange colour, and magnesium 
tungstate, which gives a pale blue fluor- 
escence. 


NEW CALCIUM HALOPHOSPHATE PHOS- 
PHORS. 

Fig. 6 shows spectral energy curves of a 
number of artificial and natural daylight 
sources. Curve (a) is obtained from a mixture 
of zinc beryllium silicate and magnesium 
tungstate as mentioned above. Curve (b) 
is obtained from a new phosphor of alkaline 
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Fig. 5.—-Emission spectra of fluorescent powders. 
(a) magnesium tungstate; (b) zinc beryllium silicate; 
c) and (d) calcium lophosphates giving white colours. 


earth halophosphate composition while (c) and 
(d) are curves for two phases of natural day- 
light, noon sunlight and north daylight. 

The particular halophosphate whose spectral 
energy curve is reproduced is one of a range 
of white fluorescing phosphors which can be 
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obtained by varying the composition of the 
matrix and the method of manufacture. These 
phosphors were discovered by McKeag and 
Ranby" at the Research Laboratories of 
The General Electric Co., Ltd., Wembley, 
and are probably unique in that they give, 
without admixture with other phosphors, 
spectral distributions suitable for general 
lighting purposes. Their importance goes 
far beyond this, however, for not only are 
they highly efficient converters of 2537A 
ultra violet radiation into visible light but they 
possess remarkable stability under discharge 
conditions. It is true to say that the major 
part of the recently announced improvement 
in the performance of 80 watt and 40 watt 
fluorescent lamps can be directly attributed 
to the use of these new phosphors. 

As mentioned above, most phosphors con- 
tain small amounts of an activator of which 
manganese is by far the most common. 
Curiously enough halophosphates containing 
manganese are not affected by ultra violet 
radiation although antimony induces a pale 
blue luminescence. Manganese, however, 
in the presence of antimony has a profound 
effect on the fluorescence causing the colour 
to change from pale blue through various 
whites to orange and pink colours according 
to the amount used. In addition to the control 
of colour obtained by varying the amount of 
manganese, changes in the composition of the 
matrix itself, for example, the substitution of 
chlorine for fluorine, also modifies the fluor- 
escent emission. Apart from their immediate 
application in fluorescent lamps giving white 
light the new phosphors will be of the greatest 
value for producing coloured light for decor- 
ative lighting and advertising when conditions 
return to normal. 


COLOUR AND EFFICIENCY OF FLUORES- 
CENT LAMPS. 

It will, perhaps, be clear from what has been 
said above, that in comparing the performance 
of fluorescent lamps due account must be 
taken of the dimensions and wattage rating 
of the lamps. It is equally important to take 
into account differences in the spectral com- 
position of the light emitted which, of course, 
determines the suitability of the lamp for any 
particular application. High luminous 
efficiency is not necessarily in itself a desirable 
characteristic unless associated with §satis- 
factory colour rendering and efficiency main- 
tenance throughout the life of the lamp. 
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Before discussing the important question of 
lumen maintenance it may be worth while to 
mention briefly the relation between luminous 
efficiency and spectral composition of the 
light. 

The curve in fig. 7, which is identical with 
the well-known average eye sensitivity curve, 
shows the relationship between wavelength or 
colour of the light and luminous efficiency. 
The ordinates represent the maximum lumens 
theoretically obtainable from 1 watt of energy. 
It will be noted that the maximum efficiency 
occurs in the green band at 5550A. at a value 
of 620 lumens per watt, which is sometimes 
called the electrical equivalent of light. The 
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Fig. 6.—Spectral energy distribution curves for a number 
of artificial and natural daylight sources. 


curve can be used to calculate the maximum 
theoretical efficiency obtainable from white 
light having spectral energy distributions 
similar to one of the phases of daylight shown 
in fig. 6. Assuming no emission in the 
ultra violet or infra red regions, the efficiency 
is about one third of the value for green light 
of wavelength 5550A. The curve also enables 
the relative initial efficiencies of different 
“white” phosphors to be determined if their 
spectral energy curves are known. It does not, 
of course, take into account the lumen mainten- 
ance factor, which is an intrinsic and extremely 
important characteristic of each phosphor. 
Owing to the inevitable losses accompanying 
the transformation of electrical into luminous 
energy the theoretical values are never achieved 
in practice: even with fluorescent lamps 
operating under optimum conditions only 
about one quarter of the theoretical maximum 
figures is attained. 

From what has been said, it will be appreci- 
ated that in comparing the performance of 
fluorescent lamps not only must the dimensions 
and rating of the lamps be taken into account 
but also the spectral energy distribution of 
the light and, what is perhaps even more 
important, the efficiency maintenance through- 
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out life. The latter characteristic of the 
lamps is discussed below. 


LIGHT DEPRECIATION. 


It is a well-known characteristic of mercury- 
filled fluorescent lamps that the light output 
falls off, at first fairly rapidly and subsequently 
much more gradually as the lamp is burnt. 
During the first one hundred hours of life 
the fall may be 10 per cent or more, which may 
be at least half the total fall throughout the 
life of the lamp. Although this phenomenon 
has been the subject of considerable study the 
precise mechanism of light depreciation is 
still not entirely understood. Progress is of 
necessity slow owing to the complexity of the 
factors influencing this depreciation and to the 
extended nature of the tests needed to estab- 
lish results. Attempts have been made to 
employ accelerated testing techniques and 
although the results obtained sometimes give 
valuable pointers they must ultimately be 
confirmed by full scale lamp trials. Such trials 
involve the manufacture of a sufficient number 
of test lamps and controls to give statistical 
significance to the results obtained. A brief 
review of some of the main factors involved 
in the depreciation of light output will illus- 
trate the complexity of the problem. 

(a) Action of the Discharge. ‘There is no 
doubt that the main cause of depreciation in 
light output is interaction between excited 
mercury atoms and the crystalline surfaces of 
the phosphor exposed to the discharge. A 
subsidiary reason is the deposition of metallic 
mercury together with alkaline earth metals 
from the cathode emissive coating. That the 
depreciation is not intrinsic to the discharge 
has been established by one of the present 
authors!) who showed that no appreciable 
deterioration in the efficiency of such phosphors 
as zinc silicate and calcium tungstate occurs 
even after 20,000 hours contact with a dis- 
charge through neon. Froelich’) has recently 
extended this idea by showing that the depreci- 
ation can take place outside the mercury 
discharge if the phosphor is in contact with 
mercury atoms excited by mercury resonance 
radiation. ' 

The effects in the mercury discharge are 
partly physical and partly chemical. In the 
former case the film of mercury or its com- 
pounds acts as a screen preventing the ultra 
violet radiation from reaching the powder and 
can be removed, temporarily at all events, by 


a 


1) Trans. Far. Soc., 35, 154 (1939 
(2) J. App. Phys., 17, 573 (1946 


heating ; curiously enough, once it has formed 


and been removed it very rapidly returns, 
indicating that the nuclei which have been 
formed during the operation of the lamp and 
upon which mercury now re-condenses are 
unaffected by the heat treatment. The 
chemical effect is due to actual attack of the 
powder by the excited mercury atoms and 
cannot be removed by simply distilling off 
the film of mercury. Secondary products of 
the reaction between mercury and the phosphor, 
such as coloured oxides of either the matrix 
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Fig. 7.—Relation between colour and efficiency. 


and activator or amalgams of mercury with 
reduced oxides also undoubtedly contribute 
to the depreciation. 

(b) Effect of Glass. At first sight experiments 
appear to show a direct correlation between 
bulk composition of the glass bulb and lumen 
depreciation, although glasses of nominally 
the same composition sometimes give widely 
different results. It is reasonable to assume, 
however, that apart from solarisation effects the 
bulk composition does not play an important 
part and that surface conditions are all im- 
portant; a high concentration of free alkali 
metal atoms on the surface will act as nuclei 
for mercury deposition as discussed below. 
This receives further confirmation from experi- 
ments in progress at Wembley which point to 
a direct correlation between surface electrical 
conductivity and the glass factors in lumen 
maintenance. Marked improvements in 
lumen maintenance frequently result from 
special chemical or washing treatments of the 
glass to remove surface alkali. Treatment of 
the glass with strong acids and alkalis, however, 
sometimes makes matters worse, possibly by 
the exposure of fresh surfaces by the etching 
action of such chemicals. 
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(c) Composition of Phosphors. It might be 
expected that phosphors of closely simular 
composition subjected to the same lamp pro- 
cessing and lamp operating conditions would 
always show the same depreciation. This, 
however, is not necessarily the case, and two 
nominally identical phosphors frequently 
show substantially different maintenance char- 
acteristics. These differences can often be 
traced to differences in crystalline develop- 
ment, brought about, for example, by different 
firing conditions, or to the presence of an 
excess of fluxing chemicals such as alkali 
metal salts in one of the phosphors. 





Fig. 8.—-A fluorescent lamp treated sectionally with a 
dilute solution of a sodium salt. 


The effect of traces of alkaline salts is illus- 
trated in fig. 8 which shows a photograph of a 
section of a fluorescent lamp which has been 
treated at each end with a dilute solution of a 
sodium salt before the lamp was processed, 
the centre portion remaining untreated ; 
the lamp has been operated for only about 
100 hours during which marked darkening 
of the coating on the treated sections has taken 
place, the untreated part remaining free from 
the deposit. 

In addition to the factors mentioned above, 
high chemical stability of the phosphor is 
desirable to enable the coating to withstand 
better the arduous conditions to which it may 
be subjected during processing. It is perhaps 
this characteristic of the halophosphate 
phosphors which makes their performance so 
outstanding and which has largely contributed 
to the recently announced increase in perform- 
ance of 80 watt and 40 watt fluorescent lamps. 

The curves in fig. 9 represent the perform- 
ance of 80 watt Daylight fluorescent lamps 
based on old and new published performance 
data. The curve for a 75 watt tungsten filament 
lamp is given for comparison. The areas en- 
closed by the curves and the abscissae are 
proportional to the lumen-hour output of each 
lamp. The average efficiency throughout life 
for the fluorescent lamps, namely 24 L/W 
and 38 LW for the old and new data respect- 
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ively, shows a gain of over 50 per cent. It is 
probably true to say that even before the 
introduction of the phosphates the perform- 
ance of the lamps was better than shown in 
fig. 9(b). However, as mentioned above, 
the major part of the improvement shown in 
curve (a) can certainly be attributed to the 
new powder. Despite the better performance 
of the new powders the special colour char- 
acteristics of the old phosphors are likely to 
ensure their continued use in certain types of 
fluorescent lamps, either alone or in com- 
bination with phosphates. 

(d) Mechanism of Light Depreciation. It 
will be clear from what has been said that a 
variety of factors influences the rate at which 
the light output of fluorescent lamps depreci- 
ates and that the extent to which these contri- 
bute to the depreciation, even in a given 
phosphor, may differ markedly in different 
lamps. Excluding the somewhat intangible 
effects which may be present in phosphor 
manufacture and lamp processing, which are, 
or should be, largely under control, it is of 
interest to consider factors due to interaction 
between the discharge and the phosphor. 
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Fig. 9.—Efficiency—life relationship of 80W. fluorescent 
lamps. 


In the paper already quoted Froelich 
assumes that oxygen ions on the surface of the 
phosphor crystal react with excited mercury 
atoms to form fairly stable chemical compounds. 
Thus with a silicate phosphor the superficial 
oxygen ions and excited mercury atoms 
form compounds of the type -S1:O-—O-Hg-—Hg-. 
This suggested mechanism is not in conflict 
with the results obtained with halophosphates 
in which the oxygen atoms are in the highly 
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stable PO, radical. 

The theory also suggests an explanation of 
the phenomenon of partial recovery of effic- 
iency on heating the lamp bulb described 
earlier. It is reasonable to assume that super- 
ficial mercury atoms are not strongly bound 
to the crystal and are therefore readily re- 
moved by heating, while those joined more 
or less directly to oxygen atoms cannot be 
removed at temperatures below the softening 
point of the glass tube. It is to be expected 
that free mercury atoms would re-deposit 
readily on the bound mercury atoms when 
the lamp is operated with the consequent 
rapid light depreciation already mentioned. 

A number of other theories has been 
put forward to explain light depreciation of 
which, perhaps, it is only necessary to mention 
here the chemical reduction theory. This 
assumes that oxygen is removed by the action 


of the discharge from the superficial crystalline 
layer leaving a film of free zinc, etc., which 
acts as an absorbing screen for ultra violet 
radiation and the fluorescent light. There is 
no doubt that such reduction effects can 
occur as is evidenced by the marked body 
colour which sometimes develops in certain 
phosphors during processing of the lamp. 
This is probably the result of poor chemical 
stability due. to insufficient firing of the phos- 
phor but the tendency may be present to a 
slight extent even in well-fired powders and 
could equally account for the part of the 
depreciation which cannot be recovered merely 
by heating the tube. The suggestion that this 
darkening of the phosphor is associated with 
manganese lodged in the crystal surface in 
the form of free MnO; is hardly tenable, 
since it is known to occur with magnesium 
tungstate which does not contain manganese. 





A Critical Analysis of the Possibilities of High 
Voltage Direct Current Transmission. 


By W. G. THOMPSON, Ph.D., B.Sc., M.I1.E.E., 
Witton Engineering Works. 


INTRODUCTION. 


N view of the immense 
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recent progress in the art of 
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distances on a scale large 
enough to be worth while, it 


new method to show a 
decided advantage over es- 
tablished practice. It also 
follows that the larger the 
scale the greater the economic 
importance and the need for’ 
absolute reliability in main- 
taining the continuity of 


number of proposals to use high tension 
direct current in place of three phase altern- 
ating current for long distance transmission 
has been made in the last decades, the evi- 
dence submitted has been too inconclusive 
to warrant the practical adoption of the direct 
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have demonstrated the tech- 


transmission, the results 
of these experiments have 
to increase rather 
than diminish the complexi- 
ties of the subject. In this 
connection the present 
economic rigours demand 
a proper differentiation be- 
tween technical feasibility 
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that practical considerations, which in previous 
appraisements have been conveniently post- 
poned, have now to be properly assessed. 
Finally, the continued rapid development of 
A.C. transmission as a thoroughly established 
practical method, raises every year the 
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standard of excellence which D.C. schemes 
must attain before they can be given serious 
consideration. 

It is against the foregoing background 
that the possibilities of D.C. transmission 
have to be presented, and a thorough demon- 
stration of the position would occupy a large 
volume, but it is hoped that the following 
analysis covering the historical, technical, 
practical and economic standpoints will suffice 
to bring out the salient features of the case. 


HISTORICAL. 

Much emphasis has been laid upon the 
prognostication of Lord Kelvin that the 
introduction of long distance A.C. trans- 
mission would be followed later by a reversion 
to D.C. The formulation of this challenge 
should, however, be viewed in the light of the 
technical development, due regard being 
paid to the progress in A.C. technique which 
has enabled engineers to overcome many of 
the theoretical limitations which Lord Kelvin 
had in mind; furthermore, the methods of 
current conversion have also accompanying 
disadvantages which may not have been 
anticipated forty years ago. 

A survey of the literature relating to high 
voltage transmission shows that, with the 
exception of the Thury constant current 
system operating at about 80 kV between Lyons 
and Moutier, and the 100 kV cable system in- 
stalled in North London by J.S. Highfield, there 
was little mention of direct current at high 
voltage until the publication of some of the 
stability problems met with in long distance A.C. 
transmission. Direct current transmission was 
suggested as the obvious remedy, but up to the 
year 1922, no suggestion other than using 60 
D.C. machines in series was forthcoming to 
show how the transmitted energy could be con- 
verted to a useful form at the receiving end of 
the line. The present day requirements are, 
however, far in excess of anything which could 
be usefully carried out on simular lines. 

The development of the transverter gave 
fresh impetus to the topic of D.C. trans- 
mission which has received further stimulus 
over a number of years by advocates of the 
grid controlled mercury arc and other types 
of rectifiers. Unfortunately for the D.C. case, 
much of the published matter has been 
optimistic, important technical and economic 
items have been overlooked, authoritative 
experiment has until recently been lacking, 
while in the meantime steady progress to 
higher voltages and enormous outputs has been 
made with actual A.C. transmission schemes, 
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for which 380 kV equipment has been pro- 
duced and 500 kV experimental lines are to 
be built. Nevertheless there have been 
surveys published independently by leading 
electrical authorities in different countries 
and their findings are sufficiently unanimous 
to be accepted as a fair statement of the case ; 
their main conclusion is that D.C. is only 
economically possible if used for very large 
blocks of power transmitted over very long 
distances. 

On the practical side efforts have been 
directed to the experimental determination of 
the working voltages of overhead conductors 
and cables and to the development of suitable 
rectifying and inverting equipment. The 
former have been tested at voltages approach- 
ing those intended to be used, but the con- 
version experiments have been made at much 
lower voltages, mainly below a quarter of that 
ultimately meeded. Actual short distance 
transmission tests have been made in different 
countries as indicated in Table I. 





TABLE 1. 

| Working | | Converter 

Country Voltage Power Used 

kV. ae 

7s ae, 50 5000 | Hot Cathode 

| | Valve 
Switzerland | 50 LOOO Mercury Arc 
Germany.. | 100 15000 Mercury Arc 
— | 80 16000 | Gas Cooled 

| Are 

Sweden 90 (+45) | 6300 Mercury Arc 











So far as the production of suitable forms of 
rectifiers is concerned the preliminary tests 
have shown that there are grounds for believing 
that by suitably cascading individual rectifiers 
the desired working voltages can be attained, 
but amongst the important problems still 
outstanding are those of reliability of the 
special E.H.T. types in service, the develop- 
ment of a high speed protective system, 
the compensation of the leading wattless 
current needed by the inverter, the control 
of the harmonics and the oscillations of the 
D.C. transmission line. It is important 
to note that again because of the progress of 
the A.C. systems small scale D.C. develop- 
ment could not now be carried out on an 
economic basis; indeed the only possibility 
is to face the heavy and unremunerative 
development in the hope that by the time the 
D.C. equipment is satisfactory it could still be 
installed as financially competitive with the 
A.C. system. 
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TECHNICAL CONSIDERATIONS. 
A.C. Transmission : Overhead Lines. 


In the A.C. case the amount of power that 
can be transmitted is limited by the stability 
of the system, and in general this value is 
lower than the optimum economic figure 
based upon Kelvin’s law. Various artifices 
have been successfully introduced to increase 
the limit of stability and enable more power 
to be transmitted: these include raising the 
operating voltage, decreasing the reactance 






































then synchronous condensers must be used 
for compensating; these machines require 
to be equipped with high speed excitation as 
their field currents must be controlled rapidly 
in proportion to the load on the line. 

Again, because of the distributed capacity 
of the line the voltage at the mid-point exhibits 
the Ferranti effect and rises on light load ; 
this must also be compensated to enable the 
system to operate with approximately constant 
voltage at the sending and receiving ends of 
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Fig. 1.—A.C. power transmission over long distance. 


of the terminal equipment, increasing the 
speed of the protective gear and sectionalising 
the line. For practical purposes the power 
that can be transmitted a given distance 
depends upon the voltage. At 132 kV the 
power limit is about 50,000 kW for a 100 
mile single circuit three phase line. At 
270 kV the power limit is about 150,000 kW 
for a 240 mile single circuit three phase line. 
Thus for 600,000 kW two double circuit lines 
would be required. 

The line voltage is limited, first, by corona 
losses and insulation problems and, secondly, 
by the speed of switching to clear faults. 
The present limit of the latter is about 0-11 
second with a reclosing time of 0-3 second. 

Because of the distributed inductance and 
capacity in an A.C. line a progressive phase 
displacement takes place between the supply 
voltage and the line voltage during the transit 
from the generator to the load. For the 
proper operation of synchronous plant at the 
receiving end this phase displacement 
should not exceed 15 electrical degrees, and to 
accomplish this compensating means must be 
employed at about every 150 miles. In 
the event of the line being loaded at its 
“natural” loading, choke coil compensation 
can be used, as the energy stored in the induct- 
ance is able to counterbalance the capacity 
charging current. If the line is to be operated 
both above and below the natural loading, 


the line. The voltage rise on overhead lines 
on light load is 2} per cent for 150 mile sections 
and 200 per cent for 600 miles of uncompen- 
sated line. 

The technique of carrying out these stabil- 
ising measures has been well established for 
many years, but more recently, developments 
in protecting series static condensers by rapid 
switching offer possibilities of further im- 
proving the performance of A.C. lines. 


A.C. Cables. 


With A.C. cable lines the stability and the 
power that could be transmitted theoretically 
for a given voltage is much greater, being 
about 10 times that of the corresponding over- 
head line. On the other hand, the switching 
limitations are more severe and also the 
voltage rise on no load is very considerable, 
being 9 per cent for 150 miles and 200 per 
cent for 300 miles. 


Synchronism. 


In view of the successful interconnection 
over long distances, particularly in America, 
Sweden, South Africa and Germany, normal 
parallel operation cannot be said to offer any 
serious difficulty. Some of these lines have 
given remarkably trouble free operation over 
very many years and the few instances of 
failure have been due mainly to other than 
electrical causes. The most severe tests for 
synchronous running are under transient 
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fault conditions and it is usually not econom- 
ically worth while to attempt to maintain 
synchronism for three phase fault durations 
longer than 0-1 second. The modern 
tendency is to switch out only the faulty 
conductor using high speed single phase 
switches whose rapid reclosure can be made 
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Overhead Lines. 


The original claim for the D.C. line envis- 
aged a single overhead conductor and an 
earth return system. It was argued that the 
working voltage could be considered that of 
the peak A.C. voltage to earth: the current 
per conductor being the same in both cases 



























































sufficiently fast to prevent loss of synchronism. for the same cross section of conductor. Thus, 
* 450 MILES 
‘ — 
ae ~0- + “ LINE ans 
> 4 —F 
° | 4 
oO 
at ~ A 
as + = For details 
25 ne are ° see Fig. 4. 
m7 = | | oO 
UZ <a 
« S | | eke) 
a ov - 
‘ I es Sher 
Y t 00- =—_ <z 
CHOKE CHOKE satan 
IRCUI 
SnGAKERS RECTIFIERS INVERTERS BREAKERS 
TRANSFORMERS 
TRANSFORMERS 
SYNCHRONOUS con 
NDENSER —! 
Fig. 2.-High tension D.C. transmission. —— — 


This brief survey of the A.C. position has 
been included to show that although A.C. 
schemes are not beyond criticism in that the 
maximum theoretical limits may not always 
be attainable, their performance in practice has 
demonstrated that many of the factors involved 
are not so critical as calculation might lead one 
to expect. The performance of the very high 
power lines is indeed comparable with other 
types of electrical equipment in the same 
power category, and fig. 1 shows the type of 
circuit arrangement with large power A.C. 
transmission. 


DIRECT CURRENT TRANSMISSION. 


The prima facte case for D.C. transmission 
rests upon two assumptions: first that the 
power transmitted by a D.C. line will be 
considerably in excess of that of an equiva- 


lent A.C. line, and secondly that the use of 


LD).C. will enable the stability limitations of the 
A.C. system to be avoided. A glance at fig. 2, 
which gives diagrammatically the equivalent 
D.C. scheme to fig. 1, will suffice to show that 
there is much more in question than the line 
itself, and if the D.C. terminal equipment be 
taken into account it may be a case of exchang- 
ing one type of stability problem for another, 
the balance not necessarily being in favour 
of D.C, 

















if the power transmitted by the A.C. system 
is 4/3EI at unity power factor, one of the 
_ A/2EI 
conductors could transmit - os 
or using the same conductor arrangement 
with a common earth return the D.C. system 
could transmit 3-26 times the A.C. power 
for the same amount of active material. 
That the earth return proposition is un- 
tenable except in particular circumstances 
has been shown by Rudenberg who considered 
the problem in relation to suitable deep earth 
connections, their temperature rise, the elec- 
trolytic action on buried waterpipes and cable 
sheaths, and the voltage gradients to be 
expected at the earth’s surface under fault 
conditions. On the basis of a load current of 
1,000 amperes and an electrode resistance of 
1 ohm the theoretical temperature rise in the 
absence of any surface cooling would be 
4,180 degs. C. with an equivalent electrode 
diameter of 50 feet; conversely to maintain 
the temperature below 80 deg. C. at the 
electrode a diameter of over 350 feet would 
be necessary. Alternative forms with better 
natural cooling near the surface would be 
likely to have high electric gradients along 
the surface of the ground. At the same 
time there would be a loss of material at the 
rate of about 10 tons per year from the 


with D.C., 
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electrodes by electrolysis and for this reason 
an area of radius 2-5 miles around the elec- 
trodes must be kept free from pipework. 
Under fault conditions the potential gradient 
along the surface within 240 feet of the 
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Fig. 3.—-Relation between D.C. and A.C. corona starting 
voltages and conductor diameter. 


earthing point, assumed 325 feet deep, would 
be 6-2 volts per metre. It is clear therefore 
that unless some fortunate coincidence such 
as a conducting metalliferous strata or a 
sea water earth is available at each end of 
the line the earth conductor system cannot be 
regarded as practicable. 

The resistance R of a spherical conductor 
diameter D immersed inesea water is given 
by the equation :— 

0-0085 to 0-05 
——— — ohms 
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from which it follows that an earthing system 
of comparatively small dimensions should be 
perfectly satisfactory provided immersion in 
salt water is possible, but this must not be 
taken for granted. 

A practical scheme would therefore involve 
two conductors, ome positive, the other 
negative, the same total amount of insulation 
being required with one line earthed or both 
lines insulated and the mid point of the 
system earthed. If the D.C. voltage is the 
same as the peak alternating voltage, the 
D.C. power transmitted with different con- 
ductor arrangements would be related to the 
A.C. power as shown in Table II. 


To test the validity of the proposal to make 
the direct voltage the same as the peak value 
of the alternating voltage, the author carried 
out some full scale experiments using a series 
of conductors of different diameters and 
voltages up to 150 kV. The results are 
shown in fig. 3, from which it will be seen 
that the voltage at which corona started was 
considerably lower with the conductor negative 
than with the conductor positive. In both 
cases the corona loss was less with D.C. 
than with A.C. because of the absence of 
capacity currents which help to feed the 
A.C. corona. Thus with equal insulation the 
working voltage of the D.C. line could be 


taken as 1-8E and not 4/2E. The proposal 
to rate the current carrying capacity of the 
conductors the same for A.C. and D.C. is 
reasonable having regard to the limited 
temperature rise permissible under fault 
conditions in each case. Thus the ratios of 
D.C. to A.C. power as determined by experi- 
ment are higher than the theoretical values 
in Table Il. ‘The experimental values are :— 














Single circuit, 1-2: 1. 
Double circuit, 1-2: 1. 
Equal material, 1-8 : 1. 
TABLE II. 
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Line Insulation. 

Although grading rings may be necessary 
to control the potential distribution along the 
insulator strings used on A.C. overhead lines, 
the capacitances of the insulators ensure a 
reasonable equality of voltage drop across 
each insulator. At the same time the long 
insulator chains necessary for the proper 
insulation of the line ensure the comparative 
immunity of 220 kV line from lightning 
disturbances. 
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With D.C. the capacity current will be 
considerably reduced, though not entirely 
absent because of the ripple and oscillations 
produced by the converting plant at the ends 
of the line. The potential distribution will in 
general depend upon the surface resistance 
of the insulators and it should be possible 
theoretically to reduce the number of insu- 
lators per string for a given working voltage 
provided they remained clean. Against this, 
however, the line must withstand high trans- 
ient voltages due to lightning and self oscil- 
lation during switching, moreover once a 
discharge starts or a fault develops it will not 
be self clearing like incipient A.C. faults 
cleared by arresters, expulsion gaps and 
similar equipment. Thus once trouble starts 
there is no respite for the insulation; the 
author has found standard suspension in- 
sulators failing under H.T.D.C. when wet, 
and until more experience is available it would 
appear unwise to assume any reduction in 
insulation costs on the score of D.C. 


Underground Cables. 

The claims for high tension direct current 
cables are based on the fact that the break- 
down voltage of cables on test is much higher 
with D.C. than with A.C. The working factor 
has been put as high as five times by some 
authorities, though 24 times would appear to 
be a more practical figure, and on this basis 
Table III gives the corresponding power 
figures for the cable case. 





TABLE III. 
Conductor Power 
Circuit Arrangement Transmitted 
a. 1.4 Fw D.C, 
Single | ooo oo /3EI 2-8EI 
Double S90 29 2,/3EI 5-6El 











One of the problems which has to be faced 
in connection with D.C. cables is electrical 
endosmose arising, as Thornton has shown, 
from the differential rates of migration of the 
hydrogen and oxygen ions in an electric 
field. These are produced whenever electro- 
lysis or corrosion is present and move with 
accelerations proportional to Xem where X 
is the field strength in the cable, e the ionic 
charge and m the mass of the ion. As the 
mass of the hydrogen ion is only one eighth 
of that of the oxygen, the hydrogen moves 
the faster, travelling from positive to negative 
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and acting as a propellent for any moisture 
which may be present. The destructive 
effects of this process were well known in 
the days of large D.C. distribution networks, 
but with the introduction of A.C. the trouble 
disappeared: it is significant, however, that 
comment has already been made on the differ- 
ent performance of experimental high-tension 
D.C. cables in France and Sweden, the dis- 
parity being attributed to the wetness of the 
ground in which one of the lengths was laid. 
Using modern insulating materials and manu- 
facturing technique the effect may be pre- 
ventable, but the cable sheathing must be 
absolutely perfect, even to high vacuum 
standards, especially for underwater crossings 
where hydrostatic pressures of the order of 
90 Ibs. per sq. in. may be encountered. 


TERMINAL EQUIPMENT. 


A number of different proposals has been 
made for the kind of apparatus to be con- 
nected to the direct current transmission line. 
Various transformer-rectifier circuits have 
been proposed for the supply end and similar 
devices with synchronous or large banks of 
static condensers to form inverting equip- 
ment for the load end. Many of these schemes 
have been tried out under experimental 
conditions and according to report were 
capable of functioning satisfactorily under 
trial conditions. Similarly the practicability 
of building rectifying devices for very high 
voltages has also been demonstrated. It must 
be borne in mind that voltages of 200 kV are 
envisaged, while it is common experience in 
rectifier and inverter testing at only 20 kV 
that stray capacitances and inductances are 
capable of being excited into severe oscillations 
due to the rapid changes of voltage and current 
in the commutation circuits. At 200 kV 
special measures will be needed to deal with 
these effects, and, because of the large energies 
involved, such damping circuits may become 
major pieces of equipment, especially as the 
effects are more pronounced under grid 
controlled conditions associated with the 
inverter. 

The opinion is held generally that the single 
anode mercury arc rectifier is the most promis- 
ing type of equipment for conversion at 
either end of the line, but having regard to 
the extremely close operating temperature 
conditions of these special E.H.T. rectifiers 
where the temperature of different parts has 
to be maintained within a range of one or 
two degrees, and the care and attention re- 
quired during manufacture, it must be con- 
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fessed that, as designed for the purpose of 
D.C. transmission, these are as yet very 
critical pieces of equipment upon which to 
base power supplies of paramount importance. 
They are at a further disadvantage compared 
with A.C. plant in that they require to be 
housed in special large buildings and with 
complicated auxiliary gear and facilities for 
maintenance. 


Protection. 


So far, the only practical method of pro- 
tecting extra high tension rectifier-inverter 
systems is that of applying arc suppression to 
the rectifier to interrupt the D.C. supply to 
the inverter. Most of the usual alternating 
current devices should in principle be avail- 
able to give the necessary tripping signals 
because current and voltage transformers can 
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Fig. 4.-Requirements for double circuit D.C. transmission converting station. 


Circuit Design 

The circuit design for a D.C. transmission 
scheme is likely to be determined by three 
main considerations: first, the desirability of 
using the full wave and cascade connection 
to reduce the severe duty on the rectifiers, 
secondly the need for equivalent 12 or 24 
phase operation to reduce the harmonics in 
the A.C. networks, and thirdly the absence 
of high tension D.C. switehgear may make it 
necessary to duplicate not only the trans- 
mission line but the valves connected to it 
to avoid complete interruption of the load due 
to a fault on the line. Fig. 4 shows what 
would appear to be the minimum require- 
ments in a practical installation as distinct 
from a trial equipment. Having regard also 
to the need for grid control gear for each valve 
and the insulation between the control and 
high potential parts of the circuit, as ~well 
as the usual auxiliary circuits, the system 
can only be described as one of great com- 
plexity. Furthermore, due to the great 
increase in the number of possible points of 
failure, the D.C. proposal represents a consider- 
able departure from the principles of simplic- 
ity and sound engineering essential to the very 
large scale of transmission enterprises. 


be included on the transformer side of the 
rectifying valves. All this presents no great 
difficulty when the equipments are within 
reasonable distance of one another, but when 
the spacing is several hundreds of miles some 
form of pilot protection will be required. 
Amongst the possibilities would be the use of 
Carrier current protection, but the main 
requirement would be for the protective 
signal to be received at the rectifier before the 
fault current becomes excessive. With over- 
head lines the velocity of propagation of a 
disturbance is the same as that of a signal, 
namely V = 1 \/ LC, but if cables are used, 
then V being slower, advantage could be 
taken of an overhead wire for the protection 
pilot or alternatively a cable of the low cap- 
acity type used to provide high speed signals. 


OPERATION LIMITS AND RELIABILITY. 


The operating limits of a D.C. transmission 
system of the type described will at the best 
be those of a rectifier-inverter system in 
which safety margins have to be maintained 
on the grid control settings to allow for sudden 
changes in the voltage at the supply and in 
the load at the receiving end. Naturally at 
the supply end the object will be to maintain 
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the rectifier power factor as high as possible 
so as to take full advantage of the generating 
plant. Where the sole function of this plant 
is to supply the D.C. line this can be done 
without complication, but where the D.C. 
line is supplied from an A.C. network it will 
be necessary to use the grid control for load 
adjustment. At the inverter end of the line 
sufficient margin of control must be main- 
tained to avoid any risk of inverter failure, 
which means that the inverter will have to be 
loaded at 0-7 to 0-8 leading power factor as 
shown in fig. 5. Taking the power factor of 
the A.C. load network as about 0-9 lagging, 
synchronous plant with a kVA capacity roughly 
equal to the full power to be transmitted will 
have to be installed solely to provide the 
leading current necessary for the inverter to 
function. Normally it would be expected 
that any changes in the load conditions of a 
large network would be reasonably slow, 
but to maintain stability under emergency 
conditions high speed control of the inverter 
ignition angle and of the excitation of the 
synchronous machines would be desirable. 

In order that the transmission shall con- 
tinue without interruption it is necessary that 
current be maintained in the combined 
four arc paths which complete the circuit in 
the rectifier and the inverter at a given instant. 
This sets a limit to the minimum current 
which can be transmitted which must be 
greater than the amplitude of any oscillations 
which can occur on the line, and although it is 
expected that the natural period of oscillation 
of a very long line will be sufficiently slow to 
avoid resonance with the converter harmonics, 
the possibility of oscillations due to other 
causes must not be overlooked. 

The standard of reliability has already been 
set by the A.C. systems, where the large 
transmissions are almost immune from supply 
interruption and where authorities are pre- 
pared to invest sums of the order of £2,000,000 
in a single transmission link. At the same 
time they have been prepared to spend as 
much as {250,000 in providing the necessary 
switchgear for sectionalising the double circuit 
line to ensure the supply. ‘This would again 
imply that any D.C. scheme must of necessity 
be tried out very thoroughly experimentally 
before submitting it as a practical case. The 
problem of reliability is likely to add consider- 
ably to the development and protection costs, 
especially as the rectifier, inverter and auxiliary 
equipment are all additional working links in 
the chain, and to attempt to obtain reliability 
by means of a cumbersome and complex 
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system of protection is likely only to defeat 
the whole object of the transmission. 


ECONOMIC CONSIDERATIONS. 
General Observations. 

The main economic considerations which 
arise in connection with any new proposed 
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Fig. 5.—Vector diagram showing invertor operation at the 
load end of D.C. transmission. 
method of electric power transmission are :— 

1. What opportunity will there be of 
applying the new system ? 

Transmission or interconnection can only 
be required where there are large centres of 
population with inadequate power supplies, 
load centres with sufficient diversity of loading 
periods, steam and hydro-power stations 
supplying the same load areas at a distance, or 
hydro-power stations requiring interconnection 
to meet a variation in the available energy 
supplies. Although it is possible to compile 
a long list of likely transmission schemes, it 
will be evident from what follows later that the 
opportunities for D.C. transmission are at 
present very limited. 

2. How does the new scheme stand in 
relation to existing methods of transmission ? 

From the description already given it will 
be gathered that on purely technical grounds 
the advantages of D.C. transmission involve 
considerable technical risks in other directions, 
and it becomes imperative to establish a clear 
cut economic advantage before recommending 
the system. At the same time the difficulty in 
dealing with the economics of any form of 
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electric power transmission, alternating or 
direct current, overhead lines or. cables, from 
a general point of view is that each system in 
turn can be made to appear superior econom- 
ically to the others by such artifices as the 
choice of voltage, power transmitted, gener- 
ation costs, material and running costs to suit 
the theoretical case. [To quote an example, 
the initial cost of cables is considerably higher 
than that of overhead lines, but their de- 
preciation and maintenance charges are less, 
so that by largely ignoring the question of 
obsolescence, it is possible to spread the cost 
of the transmission system over a sufficient 
number of years to make the cable system 
appear economically better than the overhead 
line. 

Some indication of the influence of these 
different factors may be gathered from the 
Appendix in which they are correlated in 
mathematical form. It will be seen that the 
interlocking quantities are the permissible 
gradient at the conductor surface, its effective 
cross section, the working voltage and the ratio 
of D.C. to A.C. charges on capital. The 
quantities involved apply equally to cables 
or overhead lines and it is interesting to note 
that a low D.C./A.C. cost ratio should corres- 
pond to a high D.C./A.C. voltage ratio. In 
the case of overhead lines the limits are not 
very wide, but with cables the insulation 
factors in the equations in the Appendix 
operate in favour of D.C. 

Broadly speaking three distinct conditions 
may be recognised, first, those circumstances 
in which it would be possible to have either an 
overhead line or a cable system; secondly, 
conditions where only overhead lines would be 
possible ; and, thirdly, cgnditions suitable for 
cables only. It will be appreciated that in 
transmission schemes of large magnitude all 
three of these conditions may be encountered 
in turn at different parts of the route. 


With reference to the first case mentioned, 
the cost of A.C. cables is about three times 
that of the overhead line. Opinion at the 
moment favours cables for D.C. transmission 
and on the assumption of using two D.C. 
cables in place ot three A.C. cables, the 
saving only amounts to 33 per cent, or, in 
other words, for the same nominal voltage 
two cables would be twice as expensive as the 
three phase overhead line. However, the 
voltage rating of the D.C. cable can be raised 
as much as 2} times for D.C. as compared 
with A.C., and full advantage being taken of 
this higher rating the cost comes down to 
about one third, bringing the D.C. cable within 


the competitive range. Other things being 
equal the choice of cable or overhead line will 
depend very much on local conditions. In 
flat country and sandy soil the cable may be 
considered; where mountainous country with 
rocky subsoil and transport difficulties are 
encountered the choice will be for overhead 
lines. Permissible hydraulic gradients and 
the provision of stop joints will also be limiting 
features for certain types of cable. So far as 
immunity from lightning is concerned, the 
faults on 220 kV lines are not so frequent as 
to warrant the use of cables for that reason 
alone. 

‘Two cases come seriously into question for 
cables, they are, first, taking power trans- 
mission across large centres of population 
where tower heights and wayleave costs would 
be prohibitive ; and, secondly, power trans- 
mission with long under water crossings. 
Thus, to suit the dictates of geographical 
conditions, a comparison between three phase 
A.C. overhead transmission and D.C. over- 
head transmission is required to meet the 
flat country case; a comparison between 
A.C. and D.C. overhead transmission to 
meet the second case mentioned; and a 
comparison between A.C. and D.C. cable 
transmission to meet the densely populated 
area or the sea crossing examples. 
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DETERMINATION OF COSTS. 

The value of any comparison of costs 
between alternating and direct current trans- 
mission depends upon the accuracy of the 
data available, the method of calculation 
employed and the validity of the assumptions 
made in the comparison. Sufficient A.C. 
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overhead line schemes have now been built 
to enable representative cost figures to be 
determined with useful accuracy. By pooling 
the available data the cost curves per mile of 
overhead line have been constructed and 
these have been found to be in reasonable 
agreement with the already published costs 
of transmission schemes as will be seen from 
hig. 6. The method of calculation was to 
derive curves for the weights and cost per 
mile of towers, conductors, earth wires, 
insulators and the extra charges, all on a 
voltage basis. These figures were used in 
determining the total cost per mile. 
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In view of the aforementioned agreement 
between calculated and actual costs, it is 
considered reasonable to use the cost 
figures for the individual components in the 
calculation of the D.C. overhead line costs 
given in fig. 7. ‘The basis of comparison is that 
of a double circuit three phase A.C. line as 
against a four conductor double circuit D.C. 
line. The double circuit condition is necessary 
in the A.C. case on the score of transmitting 
large amounts of power with reasonable 
stability and reliability. In the D.C. case 
the double circuit is taken to give the equiva- 
lent mechanical reliability and to safeguard 
against overheating of conductors. The saving 
in the D.C. case is given by four conductors 
as against six, fewer insulators and lighter 
towers. 

Similar data were obtained for cables, but 
the assessment of transmission by under- 
ground cables is more involved. In the case 
of a single circuit line we have the alternatives 
of two D.C. cables as against three A.C. 
cables or a two-core cable against a three- 


D.C. LINE VOLTAGE 


Fig. 7..-Cemparison of A.C. and D.C. overhead transmission line costs. 
A—-cost of towers per mile; B-—cost of insulators per mile; C-—cost of con- 
ductors per mile; D—cost of earth line per mile; E-— extra charges per mile. 
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core cable. There is also the question of 
four single-core cables being taken in the 
three phase case to give additional standby, 
which should for comparison demand three 
single-core cables in the D.C. example. The 
comparative values obtained on these lines 
are shown in fig. 8. In making the final 
comparison allowance has been made for the 
costs and losses associated with the additional 
terminal equipment in the D.C. case and the 
calculations extended to include the trans- 
formers at either end of the line, so that the 
comparison is actually on the basis of delivered 
energy and does not merely include the 
transmission line losses. ‘The 
summarised results of a number 
of typical cases are given in 
Table IV. 


DISCUSSION OF RESULTS. 
A.C. and D.C. Overhead Lines. 

In general terms, the saving 
on a direct current overhead 
line is made up of the saving 
in copper and insulators for 
the transmission line. With 
the corresponding voltage con- 
ditions this saving should 
amount to 33-3 per cent, but as 
there is not the proportionate 
reduction in the tower costs the 
actual saving will be about 25 
per cent. In most high tension 
transmissions the overhead line 
amounts to about 70 per cent of the capital 
expenditure, so that the percentage saving on 
capital will be 25 per cent by 70 per cent, or 
only 17-5 per cent. Offset against this is the 
cost of extra apparatus at the sending and 
receiving ends of the line. The costs of the 
rectifiers and inverters per kVA should be 
relatively cheap, but the expensive item in 
the D.C. equipment will be the synchronous 


condenser to give the necessary leading power . 


factor for the inverter. Although the nett 
value of this equipment may only amount 
to about 5 per cent of the total cost of the 
transmission scheme, the substation buildings 
required to house the gear will bring this 
figure up to 6 per cent or 7 per cent. The 
nett saving on capital using D.C. trans- 
mission is therefore (17-5-5 per cent) or 
12-5 per cent. These percentage figures 
assumed a reasonable sized transmission 
both as regards power and distance, but 
it will be seen from the detailed analysis 
of the 132 and 220 kV cases in Table IV, 
that the D.C. scheme showed practically 
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no gain in the first mentioned case and up to 
about 12 per cent of the costs in the 220 kV sys- 
tem. The reason for no saving being shown 
in the 132 kV example was that the line was 
relatively short, and the 25 per cent margin of 
cost represents only the small sum ofabout £500 
per mile. This was not sufficient to cover the cost 
of the terminal equipment. In the 220 kV case 
the margin of cost and the transmission distance 
were greater, so that the saving anticipated 
from the general argument was also shown in 
the detailed calculation. 

It is important to note that at these voltages 
and corresponding powers the capital costs 
are already in the neighbourhood of 


virtue of the 2 to 3 ratio of the number of 
conductors the D.C. line shows a saving of 
30 per cent on corona losses, or 3 per cent 
on the total losses. With regard to the resis- 
tance losses in the conductors, even under full 
load conditions the current density in the 
overhead conductors is low, and when the 
total light load period is taken into account 
by means of the load factor, the actual annual 
saving is far less than would be anticipated at 
first sight. Actually the D.C. line shows a 
saving of 20 per cent on the ohmic losses or 
10 per cent on the total losses. The gross 
saving with D.C. is therefore 13 per cent. 





£2,000,000. In other words, a large 
capital expenditure has to be faced 
before the possibility of saving 
becomes apparent. 




















Running Costs. 











The running costs of a transmission 
system are made up of charges on 








capital and the cost of the losses. 
The former including interest, depre- 











ciation, insurance and maintenance, 
amount to some 12} per cent of the 








capital costs. The cost of the losses 
is more difficult to judge, involving, 
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as it does, the load factor on the “Zap 
system and the generation costs. A 
representative load factor of about 0-5, 
based on a combination of summer and 
winter load curves, has been assumed 
for the purposes of calculation and the cost of 
the generation as 0-25 pence per unit. Where 
low or medium fall hydro power schemes are 
involved, this latter figure may reach 0-3 
pence. The D.C. capital cost has already been 
shown to be 12 per cent less than for the A.C. 
schemes, so that there is a margin of 12-5 
per cent by 12 per cent, or 1-5 per cent per 
annum, on the capital charges in favour of D.C. 
To obtain a complete statement the losses 
have also to be considered. In the A.C. 
and D.C. schemes we have transformers at 
each end of the transmission line: the 
yearly losses in these transformers amount 
to 30 per cent or 40 per cent of the total 
transmission losses and are roughly the same 
in both the A.C. and D.C. transmissions. 
There remains, therefore, only some 60 per 
cent to 70 per cent of the losses in which to 
effect an economy with D.C. transmission 
using overhead lines. Some 50 per cent of the 
losses are represented by the ohmic and the 
corona losses from the overhead line. The 
latter amount to some 10 per cent and by 


A.C. LINE VOLTAGE kV 


Fig. 8.—Comparison between A.C. and D.C. costs of 
underground cable for high voltage transmission. 


D.C. LINE VOLTAGE kV 


Against this saving has to be offset the 
power required to drive the extra synchronous 
machinery, the auxiliaries for the rectifier 
and inverter and the arc losses in the rectifier 
and inverter. The synchronous machinery 
in the D.C. equipment is not only larger 
than the machines which would be used for 
compensation on the A.C. line, but is carrying 
a larger load and for a greater proportion of 
the time. Its losses will probably be twice 
those of the A.C. synchronous condensers, or 
about 4 per cent of the total. The losses in 
the converting equipment, including auxil- 
iaries, using single anode mercury arc recti- 
fiers in cascade and two full wave rectifiers 
in series, will probably amount to at least 
2$ per cent, and possibly 5 per cent, thus 
making a total additional loss of 64 per cent 
to 9 per cent for the D.C. case. A gross 
saving of 13 per cent becomes reduced to a 
net saving of less than 6} per cent and prob- 
ably only 4 per cent. With shorter lines, 
which in the A.C. case do not require com- 
pensation, this saving practically disappears. 
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It would appear that the main benefit 
accruing from the use of a D.C. overhead 
transmission line lies in the saving in capital 
cost, and on the present data appears to 
amount to 2 per cent per annum on the 
capital invested. In view of the large sums 
involved this 2 per cent is not a small sum 
of money and may be worth saving; on 
the other hand, before this saving can be 
realised, considerable development costs will 
have to be covered and the possibility of 
unforeseen highér expenses against the experi- 
mental nature of the D.C. transmission must 
not be ignored. Arising out of the analysis 
of the different schemes are several interesting 
points. Outstanding is the fact that at the 
voltages under consideration the arc loss 
in the rectifier and the inverter has no great 
economic influence on the result, the main 
economic factor operating against the D.C. 
scheme is the cost of the power factor cor- 
recting equipment for the inverter; any re- 
duction in the size and power required for this 
piece of equipment would assist in improving 
the running costs of the D.C. transmission and 
reduce the capital costs by about 24 per cent. 
D.C. Cables and A.C. Overhead Lines. 

This comparison is of special interest as it 
is the case which has mainly been attracting 
attention in recent years; but in order to 
show any advantage for D.C. cable, transmis- 
sion voltages approaching the possible limits 
for present day transmission need to be 
considered. Despite suggestions of high 
D.C./A.C. ratios based upon pressure testing 
experience, power engineers appear to regard 
300 kV to earth as a reasonable working limit. 
The basis of the economic arguments in favour 
of cables rests upon the allowances for deprecia- 
tion, maintenance and leakage. These have 
been quoted in terms of total cost as follows :— 

Depreciation, 0-3 per cent. 

Maintenance, 0-3 per cent. 

Leakage, 0-28 per cent. 

If the interest on capital is taken as 6 per 
cent, this gives a total of 7 per cent charges on 
capital for the cable as against 12-5 per cent 
for the overhead line. In the case of a 400 kV 
overhead A.C. transmission carrying 200,000 
kW a distance of 500 miles, the capital cost 
will be about £8,000 per mile of double 
circuit line. ‘The same power could be trans- 
mitted at 400 kV by a single circuit D.C. 
cable costing also about £8,000 per mile. If 
a double circuit D.C. line were adopted the 
cost would be nearer £16,000 per mile, this, 
however, seems an excessive safety precaution 
and it is suggested that the convention some- 


times adopted of laying one spare cable, be 
considered in the present case. This brings 
the D.C. cost to £11,000 per mile and pro- 
vides a fair margin of safety in operation. 

The annual charges on the three phase 
scheme, referred to the overhead line only, 
will be £500,000; on the D.C. cable these 
will amount to £385,000. Against this the 
cost of the rectifying and inverting equip- 
ment and the lower efficiency must be taken 
into account, and in these circumstances the 
saving would be possibly about £40,000 
per annum. On the other hand, the total 
capital cost of such a scheme would be in 
the region of £5,000,000. At the lower 
voltages the cost of the overhead lines falls 
much more than that of the cables; a 200 kV 
double circuit overhead line would be only 
half the cost of an equivalent D.C. cable 
transmission, and the advantages of reduced 
maintenance and depreciation costs apper- 
taining to the cable system are insufficient 
to compensate for the extra capital cost. 
An effective case for the cable transmission 
can only be made when the magnitude of the 
power transmitted and the distance are suffic- 
iently great to demand very high voltages or 
many D.C. circuits in parallel. 

D.C. Cables and A.C. Cables. 

Provided advantage is taken of the higher 
working voltage, considerable savings, perhaps 
£7,000 per mile or more, appear to be possible 
by using direct current cable transmission as 
against three phase cable systems at high 
voltages such as 100 kV and over. On the 
other hand, these high voltage cable lines are 
usually fairly short, most of them less than 
50 miles. A 50,000 kW 132 kV 3 cable, 3 
phase transmission 50 miles in length costs 
about £500,000. The equivalent D.C. cable 
would cost £225,000, giving a capital saving 
of £275,000 or £19,200 on the annual running 
costs. The additional cost of the converting 
equipment should be within £40,000, the 
extra running costs not more than £6,000, so 
that the net saving to be expected is about 
£12,000 per annum. Actually the scheme 
entails laying two 66 kV single core cables 
instead of three 132 kV cables and running 
the former at 100 kV D.C. to earth giving 
a 200 kV 250 ampere transmission. 

Conversion from 3 phase A.C. to D.C. should 
also provide a cheaper means of increasing the 
carrying capacity of an A.C. cable system than 
that of laying an additional set of cables, and 
offers possibilities for shorter sea crossings 
coming within the economic range. If the 
D.C. transmission can be established on a sound 





G.E.C. 


technical basis this should prove the obvious 
economic first step to its practical development. 
CONCLUSION. 

The results of this investigation appear to 
be in general agreement with those of other 
writers, and it is apparent that so far as long 
distance transmission is involved the power to 
be transmitted has to be of the order of 300,000 
kW and the distance a minimum of 450 miles 
before the D.C. transmission can offer any 
economic advantage. For situations where it 
is essential to use cables the D.C. system can 
offer advantages for very much smaller powers 
and shorter distances. It must be admitted, 
however, that the scope for applications of 
those just mentioned is extremely limited. 

On the technical side, any scheme using the 
type of converting equipment at present 
available would depart considerably from the 
simplicity of circuit layout, operation and 
control, essential to the working of power 
transmissions of the magnitude required to 
justify the proposals from the economic 
standpoint. 

The transmission would not reduce the 
amount of rotating synchronous plant at the 
receiving end, such machines being of the same 
kVA as if they were driven directly by prime 
movers. 

From fundamental considerations it 1s 
extremely doubtful whether D.C. trans- 
mission can be as reliable as a corresponding 
A.C. scheme, and before such a D.C. trans- 
mission can be undertaken with absolute 
confidence from the economic and operational 
aspects considerable technical development is 
still necessary. 

APPENDIX. 

In both the A.C. and the D.C. case the 
transmission should, if possible, be built for 
the most economical voltage in relation to 
power and distance. Kelvin’s law equating 
capital charges to line losses may be applied 
in the idealised case. 

(In the following analysis small type will 
denote A.C. quantities and large type D.C.). 

The A.C. losses will be w 3 ri* where 
r ps , “I” being the transmission length and 

a 

“a” the conductor effective cross section. 

If x is the ratio of D.C./A.C. capital charges 
then the D.C. charges may be written as 
P 342 pl a , . : . (1) 

a 
To calculate the D.C. losses L 
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Equating P and W 
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Now “ia voltages to neutral in the A.C. 
case or to earthed mid-point in the D.C. 
case are respectively :— 
V/2 
c.g —- @-- = kid 
V/ 3 
Where & is a constant, in the overhead line 
the Peek’s corona constant, or in the cable 
case the voltage gradient factor; d is the 
conductor diameter. 


Therefore a = 


2e? 
7% Bel he: Say, ae 


k, being a second factor to include the geo- 
metric constants and the utilisation factor 
of the cross sectional area. 
Similarly E, = ~s 
K, E-? 
Ky? 4 
Substituting in equation (3) gives 
eT ow ki?.K. 9 
e K,?.k 16 » 
For equal power transmitted 
El = V3 ¢e 
Substituting (6) in (7) 
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The important relationship is thus 
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It will be seen from (9) that in order to 
preserve a reasonable approximation to Kelvin’s 
Law conditions, a slight change in Ee may 
involve a considerable change in the appro- 
priate value of x. The design factors K, k are 
also similarly operative but to a lesser degree. 

The conductor sizes are related according to 


(10) 


A | 
whence i ee ee Pisa a ~ (11) 














